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(54) Magneto-resistance effect element, and its use as memory element 

(57) A magneto-resistive effect element includes a 
first ferromagnetic film; a second ferromagnetic film; 
and a first nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromagnetic film. 
The first ferromagnetic film has a magnetization more 
easily rotatable than a magnetization of the second fer- 
romagnetic film by an external magnetic field. The first 
ferromagnetic film has an effective magnetic thickness 
of about 2 nm or less. 
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Description 

BACKGROUND OF THE INVENTION 

1 . FIELD OF THE INVENTION: 5 

[0001] The present invention relates to a micro- 
scopic magneto-resistive effect element and a micro- 
scopic magneto-resistive effect memory cell, an MRAM 
including a plurality of such magneto-resistive effect ele- 10 
ments or a plurality of magneto-resistive effect memory 
cells integrated at a high density, and a method for per- 
forming information write or read to or from the micro- 
scopic magneto-resistive effect memory ceil. 

15 

2. DESCRIPTION OF THE RELATED ART: 

[0002] A magnetic random access memory 
(MRAM) using a magneto-resistive (MR) film was pro- 
posed by L. J. Schwee, Proc. INTERMAG Conf. IEEE 20 
Trans, on Magn'. Kyoto (1972) pp. 405. Various types of 
MRAMs including word lines as current lines for gener- 
ating a magnetic field and sense lines using MR films for 
reading data have been studied. One of such studies is 
described in A. V. Pohm et al., IEEE Trans, on Magn. 28 25 
(1992) pp. 2356. Such memory devices generally use 
an NiFe film or the like exhibiting an anisotropic MR 
effect (AMR) having an MR change ratio of about 2%, 
and thus the level of an output signal needs to be 
improved. 30 
[0003] M. N. Baibich et al., Phys. Rev. Lett. 61 
(1988) pp. 2472 describes that an artificial lattice film 
formed of magnetic films exchange-coupled through a 
nonmagnetic film to each other shows a giant MR effect 
(GMR). K. T. M. Ranmuthu et al., IEEE Trans, on Magn. 35 
29 (1993) pp. 2593 proposes an MRAM using a GMR 
film formed of magnetic films antiferromagnetically 
exchanged-coupled to each other. The GMR film exhib- 
its a relatively large MR change ratio, but disadvanta- 
geous^ requires a larger magnetic field to be applied 40 
and thus requires a larger current for writing and read- 
ing information than an AMR film. 
[0004] One exemplary type of non-coupling GMR 
film is a spin valve film. B. Dieny et a!., J. Magn. Magn. 
Mater. 93 (1991) pp. 101 describes a spin valve film 45 
using an antiferromagnetic film. H. Sakakima et al., Jpn. 
J. Appl. Phys. 33 (1994) pp. L1668 describes a spin 
valve film using a semi-hard magnetic film. These spin 
valve films require a magnetic field as small as that 
required by the AMR films and still exhibit a larger MR so 
change ratio than the AMR films. Y. Irie et al., Jpn. J. 
Appl. Phys. 34 (1995) pp. L415 describes an MRAM, 
formed of a spin valve film using an antiferromagnetic 
film or a hard magnetic film, which performs a non- 
destructive read out (NDRO). 55 
[0005] The nonmagnetic film used for the above- 
described GMR films is a conductive film formed of Cu 
or the like. Tunneling GMR films (TMR) using Al 2 0 3> 



MgO or the like as the nonmagnetic film have actively 
been studied, and MRAMs using the TMR film have 
been proposed. 

[0006] It is known that the MR effect provided when 
a current flows perpendicular to the surface of a GMR 
film (CPPMR) is larger than the MR effect provided 
when a current flows parallel to the surface of the GMR 
film (CIPMR). A TMR film, which has a relatively high 
impedance, is expected to provide a sufficiently large 
output. 

[0007] However, reduction in the size of an MRAM 
generates the following problems. A magnetic film usu- 
ally has a thickness of about 1 nm to about 10 nm. In an 
MRAM having a width of on the order of submicrome- 
ters, the strength of an anti-magnetic field component is 
not negligible, and thus a relatively large magnetic field 
is required to magnetize the magnetic film. A relatively 
large magnetic coercive force is also required to main- 
tain the magnetized state of the magnetic film. Thus, it 
is difficult to invert the magnetization by a magnetic field 
which is generated by a current flowing in word lines. 

SUMMARY OF THE INVENTION 

[0008] According to one aspect of the invention, a 
magneto-resistive effect element includes a first ferro- 
magnetic film; a second ferromagnetic film; and a first 
nonmagnetic film interposed between the first ferromag- 
netic film and the second ferromagnetic film. The first 
ferromagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film by an external magnetic field. The first ferro- 
magnetic film has an effective magnetic thickness of 
about 2 nm or less. 

[0009] In one embodiment of the invention, at least 
one of the first ferromagnetic film and the second ferro- 
magnetic film has a magnetization direction in a planar 
direction thereof. 

[001 0] In one embodiment of the invention, the sec- 
ond ferromagnetic film is formed of XMnSb, where X is 
at least one element selected from the group consisting 
of Ni, Pt, Pd and Cu. 

[001 1] In one embodiment of the invention, the first 
ferromagnetic film includes an amorphous magnetic 
film, and a third ferromagnetic film in contact with the 
first nonmagnetic film and interposed between the 
amorphous magnetic film and the first nonmagnetic 
film. 

[001 2] In one embodiment of the invention, the third 
ferromagnetic film has a thickness of about 0.2 nm or 
more and about 2 nm or less. 

[0013] In one embodiment of the invention, the third 

ferromagnetic film has a thickness of about 0.8 nm or 

more and about 1 .2 nm or less. 

[0014] ' In one embodiment of the invention, the 

amorphous magnetic film includes at least one selected 

from the group consisting of CoFeB and CoMnB. 

[001 5] In one embodiment of the invention, the first 
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ferromagnetic film includes a second nonmagnetic film, 
a fourth ferromagnetic film, and a fifth ferromagnetic 
film. The fourth ferromagnetic film and the fifth ferro- 
magnetic film are antiferromagnetically exchange-cou- 
pled with each other through the second nonmagnetic 5 
film. 

[0016] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have different strengths of saturated magnetization from 
each other. 

[0017] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have different thicknesses from each other. 
[0018] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have a thickness difference of about 2 nm or less. 
[0019] I n one embodiment of the invention, the sec- 
ond nonmagnetic film is formed of Ru. 
[0020] In one embodiment of the invention, the sec- 
ond nonmagnetic film is formed of one of Rh, Ir and Re. 
[0021] In one embodiment of the invention, the sec- 
ond nonmagnetic film has a thickness of about 0.6 nm 
or more and about 0.8 nm or less. 
[0022] In one embodiment of the invention, at least 
one of the fourth ferromagnetic film and the fifth ferro- 
magnetic film contains at least one element selected 
from the group consisting of Ni, Co and Fe as a main 
component. 

[0023] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
are magnetization-rotated while being kept anti-parallel 
to each other. 

[0024] In one embodiment of the invention, the sec- 
ond ferromagnetic film includes a third nonmagnetic 
film, a sixth ferromagnetic film, and a seventh ferromag- 
netic film. The sixth ferromagnetic film and the seventh 
ferromagnetic film are antiferromagnetically exchange- 
coupled with each other through the third nonmagnetic 
film. 

[0025] In one embodiment of the invention, the third 
nonmagnetic film is formed of Ru. 
[0026] In one embodiment of the invention, the third 
nonmagnetic film is formed of one of Rh, Ir and Re. 
[0027] In one embodiment of the invention, the third 
nonmagnetic film has a thickness of about 0.6 nm or 
more and about 0.8 nm or less. 
[0028] In one embodiment of the invention, at least 
one of the sixth ferromagnetic film and the seventh fer- 
romagnetic film contains at least one element selected 
from the group consisting of Ni, Co and Fe as a main 
component. 

[0029] In one embodiment of the invention, the first 
nonmagnetic film is an insulating film. 
[0030] In one embodiment of the invention, the 
insulating film contains at least one selected from the 
group consisting of Al 2 0 3 , MgO, a carbide and a nitride. 
[0031] According to another aspect of the invention, 
a magneto-resistive effect memory cell includes a first 



ferromagnetic film; a second ferromagnetic film; a first 
nonmagnetic film interposed between the first ferromag- 
netic film and the second ferromagnetic film; and at 
least one conductive film for causing a magnetization 
rotation of at least the first ferromagnetic film. The first 
ferromagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film by an external magnetic field. The first ferro- 
magnetic film has an effective magnetic thickness of 
about 2 nm or less. 

[0032] In one embodiment of the invention, at least 
one of the first ferromagnetic film and the second ferro- 
magnetic film has a magnetization direction in a planar 
direction thereof. 

[0033] In one embodiment of the invention, the sec- 
ond ferromagnetic film is formed of XMnSb, where X is 
at least one element selected from the group consisting 
ofNi, Pt, PdandCu. 

[0034] In one embodiment of the invention, the first 
ferromagnetic film includes an amorphous magnetic 
film, and a third ferromagnetic film in contact with the 
first nonmagnetic film and interposed between the 
amorphous magnetic film and the first nonmagnetic 
film. 

[0035] In one embodiment of the invention, the third 
ferromagnetic film has a thickness of about 0.2 nm or 
more and about 2 nm or less. 

[0036] In one embodiment of the invention, the third 
ferromagnetic film has a thickness of about 0.8 nm or 
more and about 1.2 nm or less. 
[0037] In one embodiment of the invention, the 
amorphous magnetic film includes at least one selected 
from the group consisting of CoFeB and CoMnB. 
[0038] In one embodiment of the invention, the first 
ferromagnetic film includes a second nonmagnetic film, 
a fourth ferromagnetic film, and a fifth ferromagnetic 
film. The fourth ferromagnetic film and the fifth ferro- 
magnetic film are antiferromagnetically exchange-cou- 
pled with each other through the second nonmagnetic 
film. 

[0039] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have different strengths of saturated magnetization from 
each other. 

[0040] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have different thicknesses from each other. 
[0041] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
have a thickness difference of about 2 nm or less. 
[0042] In one embodiment of the invention, the sec- 
ond nonmagnetic film is formed of Ru. 
[0043] In one embodiment of the invention, the sec- 
ond nonmagnetic film is formed of one of Rh, Ir and Re. 
[0044] In one embodiment of the invention, the sec- 
ond nonmagnetic film has a thickness of about 0.6 nm 
or more and about 0.8 nm or less. 
[0045] In one embodiment of the invention, at least 
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one of the fourth ferromagnetic film and the fifth ferro- 
magnetic film contains at least one element selected 
from the group consisting of Ni, Co and Fe as a main 
component. 

[0046] In one embodiment of the invention, the 
fourth ferromagnetic film and the fifth ferromagnetic film 
are magnetization-rotated while being kept anti-parallel 
to each other. 

[0047] In one embodiment of the invention, the sec- 
ond ferromagnetic film includes a third nonmagnetic 
film, a sixth ferromagnetic film, and a seventh ferromag- 
netic film. The sixth ferromagnetic film and the seventh 
ferromagnetic film are antiferromagnetically exchange- 
coupled with each other through the third nonmagnetic 
film. 

[0048] In one embodiment of the invention, the third 
nonmagnetic film is formed of Ru. 
[0049] In one embodiment of the invention, the third 
nonmagnetic film is formed of one of Rh, Ir and Re. 
[0050] In one embodiment of the invention, the third 
nonmagnetic film has a thickness of about 0.6 nm or 
more and about 0.8 nm or less. 
[0051] In one embodiment of the invention, at least 
one of the sixth ferromagnetic film and the seventh fer- 
romagnetic film contains at least one element selected 
from the group consisting of Ni, Co and Fe as a main 
component. 

[0052] In one embodiment of the invention, the first 
nonmagnetic film is an insulating film. 
[0053] In one embodiment of the invention, the 
insulating film contains at least one selected from the 
group consisting of AI2O3, MgO, a carbide and a nitride. 
[0054] In one embodiment of the invention, at least 
two layer structures are provided, each layer structure 
including the first ferromagnetic film, the second ferro- 
magnetic film, and the first nonmagnetic film interposed 
between the first ferromagnetic film and the second fer- 
romagnetic film. The at least two layer structures are 
stacked with at least one fourth nonmagnetic film inter- 
posed therebetween. 

[0055] In one embodiment of the invention, the sec- 
ond ferromagnetic films of the at least two layer struc- 
tures have different magnetic coercive forces from each 
other. 

[0056] According to still another aspect of the 
invention, an MRAM includes a plurality of the above- 
described magneto-resistive effect memory cells. The 
plurality of conductive films are arranged in at least one 
prescribed direction. 

[0057] According to still another aspect of the 
invention, a magneto-resistive effect element includes a 
first ferromagnetic film; a second ferromagnetic film; 
and a nonmagnetic film interposed between the first fer- 
romagnetic film and the second ferromagnetic film. The 
first ferromagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film by an external magnetic field. The first ferro- 
magnetic film includes an amorphous magnetic film, 
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and a third ferromagnetic film in contact with the non- 
magnetic film and interposed between the amorphous 
magnetic film and the nonmagnetic film. 
[0058] In one embodiment of the invention, at least 
5 one of the first ferromagnetic film and the second ferro- 
magnetic film has a magnetization direction in a planar 
direction thereof. 

[0059] In one embodiment of the invention, the non- 
magnetic film is an insulating film. 

10 [0060] According to still another aspect of the 
invention, a magneto-resistive effect element includes a 
first ferromagnetic film; a second ferromagnetic film; 
and a first nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromagnetic film. 

15 The first ferromagnetic film has a magnetization more 
easily rotatable than a magnetization of the second fer- 
romagnetic film by an external magnetic field. The first 
ferromagnetic film includes a second nonmagnetic film, 
a third ferromagnetic film, and a fourth ferromagnetic 

20 film. The third ferromagnetic film and the fourth ferro- 
magnetic film are antiferromagnetically exchange-cou- 
pled with each other through the second nonmagnetic 
film. 

[0061] In one embodiment of the invention, at least 
25 one of the first ferromagnetic film and the second ferro- 
magnetic film has a magnetization direction in a planar 
direction thereof. 

[0062] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film 
30 have different strengths of saturated magnetization from 
each other. 

[0063] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film 
have different thicknesses from each other. 
35 [0064] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film are 
magnetization-rotated while being kept anti-parallel to 
each other. 

[0065] In one embodiment of the invention, the sec- 

40 ond ferromagnetic film includes a third nonmagnetic 
film, a fifth ferromagnetic film, and a sixth ferromagnetic 
film. The fifth ferromagnetic film and the sixth ferromag- 
netic film are antiferromagnetically exchange-coupled 
with each other through the third nonmagnetic film. 

45 [0066] In one embodiment of the invention, the first 
nonmagnetic film is an insulating film. 
[0067] According to still another aspect of the 
invention, a magneto-resistive effect memory cell 
includes a first ferromagnetic film; a second ferromag- 

50 netic film; a first nonmagnetic film interposed between 
the first ferromagnetic film and the second ferromag- 
netic film; and at least one conductive film for causing a 
magnetization rotation of at least the first ferromagnetic 
film. The first ferromagnetic film has a magnetization 

55 more easily rotatable the a magnetization of the second 
ferromagnetic film by an external magnetic field. The 
first ferromagnetic film includes an amorphous mag- 
netic film, and a third nonmagnetic film in contact with 



4 



EP 1 061 592 A2 



7 

the first nonmagnetic film and interposed between the 
amorphous film and the first nonmagnetic film. 
[0068] In one embodiment of the invention, at least 
one of the first ferromagnetic film and the second ferro- 
magnetic film has a magnetization direction in a planar 5 
direction thereof. 

[0069] In one embodiment of the invention, the first 
nonmagnetic film is an insulating film. 
[0070] In one embodiment of the invention, at least 
two layer structures are provided, each layer structure 10 
including the first ferromagnetic film, the second ferro- 
magnetic film, and the first nonmagnetic film interposed 
between the first ferromagnetic film and the second fer- 
romagnetic film. The at least two layer structures are 
stacked with at least one second nonmagnetic film inter- 15 
posed therebetween. 

[0071] In one embodiment of the invention, the sec- 
ond ferromagnetic films of the at least two layer struc- 
tures have different magnetic coercive forces from each 
other. 20 
[0072] According to still another aspect of the 
invention, an MRAM includes a plurality of the above- 
described magneto-resistive effect memory cells. The 
plurality of conductive films are arranged in at least one 
prescribed direction. 25 
[0073] According to still another aspect of the 
invention, a magneto-resistive effect memory cell 
includes a first ferromagnetic film; a second ferromag- 
netic film; a first nonmagnetic film interposed between 
the first ferromagnetic film and the second ferromag- 30 
netic film; and at least one conductive film for causing a 
magnetization rotation of at least the first ferromagnetic 
film. The first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of the sec- 
ond ferromagnetic film by an external magnetic field. 35 
The first ferromagnetic film includes a second nonmag- 
netic film, a third ferromagnetic film, and a fourth ferro- 
magnetic film. The third ferromagnetic film and the 
fourth ferromagnetic film are antiferromagnetically 
exchange-coupled with each other through the second 40 
nonmagnetic film. 

[0074] In one embodiment of the invention, a mag- 
neto-resistive effect memory cell at least one of the first 
ferromagnetic film and the second ferromagnetic film 
has a magnetization direction in a planar direction 45 
thereof. 

[0075] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film 
have different strengths of saturated magnetization from 
each other. 50 
[0076] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film 
have different thicknesses from each other. 
[0077] In one embodiment of the invention, the third 
ferromagnetic film and the fourth ferromagnetic film are 55 
magnetization-rotated while being kept anti-parallel to 
each other. 

[0078] In one embodiment of the invention, the sec- 



ond ferromagnetic film includes a third nonmagnetic 
film, a fifth ferromagnetic film, and a sixth ferromagnetic 
film. The fifth ferromagnetic film and the sixth ferromag- 
netic film are antiferromagnetically exchange-coupled 
with each other through the third nonmagnetic film. 
[0079] In one embodiment of the invention, the first 
nonmagnetic film is an insulating film. 
[0080] In one embodiment of the invention, at least 
two layer structures are provided, each layer structure 
including the first ferromagnetic film, the second ferro- 
magnetic film, and the first nonmagnetic film interposed 
between the first ferromagnetic film and the second fer- 
romagnetic film. The at least two layer structures are 
stacked with at least one fourth nonmagnetic film inter- 
posed therebetween. 

[0081] In one embodiment of the invention, the sec- 
ond ferromagnetic films of the at least two layer struc- 
tures have different magnetic coercive forces from each 
other. 

[0082] According to still another aspect of the 
invention, an MRAM includes a plurality of the above- 
described magneto-resistive effect memory cells. The 
plurality of conductive films are arranged in at least one 
prescribed direction. 

[0083] According to still another aspect of the 
invention, a method for writing information to and read- 
ing information from a magneto-resistive effect memory 
cell is provided. The magneto-resistive effect memory 
cell includes a first ferromagnetic film, a second ferro- 
magnetic film, a nonmagnetic film interposed between 
the first ferromagnetic film and the second ferromag- 
netic film, and at least one conductive film. The first fer- 
romagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film by an external magnetic field. The method 
includes the steps of causing a first current to flow in the 
at least one conductive film to cause a magnetization 
rotation of at least the first ferromagnetic film, thereby 
writing information in the magneto-resistive effect mem- 
ory cell; and causing a second current to flow in the first 
ferromagnetic film, the nonmagnetic film, and the sec- 
ond ferromagnetic film, and causing a third current, 
which is a combination of a positive bias current and a 
negative bias current, to flow in the at least one conduc- 
tive film, thereby reading a voltage value corresponding 
to the second current and thus reading information writ- 
ten in the magneto-resistive element memory cell. 
[0084] In one embodiment of the invention, the third 
current has a level which causes a magnetization rota- 
tion of the first ferromagnetic film but does not cause a 
magnetization rotation of the second ferromagnetic film. 
[0085] According to still anther aspect of the inven- 
tion a method for writing information to and reading 
information from an MRAM including a plurality of mag- 
neto-resistive effect memory cells is provided. Each 
magneto-resistive effect memory cell includes a first fer- 
romagnetic film, a second ferromagnetic film, a non- 
magnetic film interposed between the first 
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ferromagnetic film and the second ferromagnetic film, 
and at least one conductive film. The first ferromagnetic 
film has a magnetization more easily rotatable than a 
magnetization of the second ferromagnetic film by an 
external magnetic field. The plurality of conductive films 5 
are arranged in at least one prescribed direction. The 
method includes the steps of causing a first current to 
flow in the at least one conductive film of a first mag- 
neto-resistive effect memory cell of the plurality of mag- 
neto-resistive effect memory cells to cause a 10 
magnetization rotation of at least the first ferromagnetic 
film of the first magneto-resistive effect memory cell, 
thereby writing information in the first magneto-resistive 
effect memory cell; and causing a second current to 
flow in the first ferromagnetic film, the nonmagnetic film, 75 
and the second ferromagnetic film of the first magneto- 
resistive effect memory cell, and causing a third current, 
which is a combination of a positive bias current and a 
negative bias current, to flow in the at least one conduc- 
tive film of the first magneto-resistive effect memory cell, 20 
thereby reading a voltage value corresponding to the 
second current and thus reading information written in 
the first magneto-resistive effect memory cell. 
[0086] In one embodiment of the invention, the third 
current has a level which causes a magnetization rota- 25 
tion of the first ferromagnetic film but does not cause a 
magnetization rotation of the second ferromagnetic film. 
[0087] In one embodiment of the invention, the 
method further includes the step of causing a fourth cur- 
rent to flow in the at least one conductive film of a sec- 30 
ond magneto-resistive effect memory cell other than the 
first magneto-resistive effect memory cell, the fourth 
current flowing in a direction for canceling a magnetic 
field leaked to a third magneto-resistive effect memory 
cell other than the first magneto-resistive effect memory 35 
cell. 

[0088] In one embodiment of the invention, the sec- 
ond magneto-resistive effect memory cell is identical 
with the third magneto-resistive effect memory cell. 
[0089] According to still another aspect of the 40 
invention, a method for reading information from a mag- 
neto-resistive effect memory cell is provided. The mag- 
neto-resistive effect memory cell includes a first 
ferromagnetic film, a second ferromagnetic film, a non- 
magnetic film interposed between the first ferromag- 45 
netic film and the second ferromagnetic film, and at 
least one conductive film. The first ferromagnetic film 
has a magnetization more easily rotatable than a mag- 
netization of the second ferromagnetic film by an exter- 
nal magnetic field; The method includes the step of so 
causing a first current to flow in the first ferromagnetic 
film, the nonmagnetic film, and the second ferromag- 
netic film, and causing a second current, which is a 
combination of a positive bias current and a negative 
bias current, to flow in the at least one conductive film, 55 
thereby reading a voltage value corresponding to the 
first current and thus reading information written in the 
magneto-resistive effect memory cell. 



[0090] In one embodiment of the invention, the sec- 
ond current has a level which causes a magnetization 
rotation of the first ferromagnetic film but does not cause 
a magnetization rotation of the second ferromagnetic 
film. 

[0091] According to still another aspect of the 
invention, a method for reading information from an 
MRAM including a plurality of magneto-resistive effect 
memory cells is provided. Each magneto-resistive effect 
memory cell includes a first ferromagnetic film, a sec- 
ond ferromagnetic film, a nonmagnetic film interposed 
between the first ferromagnetic film and the second fer- 
romagnetic film, and at least one conductive film. The 
first ferromagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film by an external magnetic field. The plurality of 
conductive films are arranged in at least one prescribed 
direction. The method includes the step of causing a 
first current to flow in the first ferromagnetic film, the 
nonmagnetic film, and the second ferromagnetic film of 
a first magneto-resistive effect memory cell of the plural- 
ity of magneto-resistive effect memory cells, and caus- 
ing a second current, which is a combination of a 
positive bias current and a negative bias current, to flow 
in the at least one conductive film of the first magneto- 
resistive effect memory cell, thereby reading a voltage 
value corresponding to the first current and thus reading 
information written in the first magneto-resistive effect 
memory cell. 

[0092] In one embodiment of the invention, the sec- 
ond current has a level which causes a magnetization 
rotation of the first ferromagnetic film but does not cause 
a magnetization rotation of the second ferromagnetic 
film. 

[0093] In one embodiment of the invention, the 
method further includes the step of causing a third cur- 
rent to flow in the at least one conductive film of a sec- 
ond magneto-resistive effect memory cell other than the 
first magneto-resistive effect memory cell, the third cur- 
rent flowing in a direction for canceling a magnetic field 
leaked to a third magneto-resistive effect memory cell 
other than the first magneto-resistive effect memory 
cell. 

[0094] In one embodiment of the invention, the sec- 
ond magneto-resistive effect memory cell is identical 
with the third magneto-resistive effect memory cell. 
[0095] According to still another aspect of the 
invention, a method for writing multiple levels of a signal 
to and reading multiple levels of a signal from a mag- 
neto-resistive effect memory cell is provided. The mag- 
neto-resistive effect memory cell includes at least two 
layer structures; at least one first nonmagnetic film inter- 
posed between the at least two layer structures; and at 
least one conductive film. Each of the at least two layer 
structures includes a first ferromagnetic flint, a second 
ferromagnetic film, and a second nonmagnetic film 
interposed between the first ferromagnetic film and the 
second ferromagnetic film. The first ferromagnetic film 
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has a magnetization more easily rotatable than a mag- 
netization of the second ferromagnetic film. The method 
includes the steps of causing a first current in the at 
least one conductive film to cause a magnetization rota- 
tion of at least one of the first ferromagnetic film and the 5 
second ferromagnetic film of each of the at least two 
layer structures, or to cause a magnetization rotation of 
none of the first ferromagnetic film and the second ferro- 
magnetic film of each of the at least two layer structures, 
thereby writing multiple levels of a signal in the mag- 10 
neto-resistive effect memory cell; arid causing a second 
current to each of the at least two layer structures to 
compare a resistance value corresponding to the sec- 
ond current and a reference resistance value, thereby 
reading the multiple levels of the signal written in the 75 
magneto-resistive effect memory cell. 
[0096] In one embodiment of the invention, the 
method further includes the step of causing a current 
which rises in a gradually increasing manner to flow in 
the at least one conductive film. 20 
[0097] According to still another aspect of the 
invention, a method for writing multiple levels of a signal 
to a magneto-resistive effect memory cell is provided. 
The magneto-resistive effect memory cell includes at 
least two layer structures; at least one first nonmagnetic 25 
film interposed between the at least two layer struc- 
tures; and at least one conductive film. Each of the at 
least two layer structures includes a first ferromagnetic 
film, a second ferromagnetic film, and a second non- 
magnetic film interposed between the first ferromag- 30 
netic film and the second ferromagnetic film. The first 
ferromagnetic film has a magnetization more easily 
rotatable than a magnetization of the second ferromag- 
netic film. The method includes the steps of causing a 
first current to flow in the at least one conductive film to 35 
cause a magnetization rotation of at least one of the first 
ferromagnetic film and the second ferromagnetic film of 
each of the at least two layer structures, or to cause a 
magnetization rotation of none of the first ferromagnetic 
film and the second ferromagnetic film of each of the at 40 
least two layer structures, thereby writing multiple levels 
of a signal in the magneto-resistive effect memory cell. 
[0098] According to still another aspect of the 
invention, a method for reading multiple levels of a sig- 
nal from a magneto-resistive effect memory cell is pro- 45 
vided. The magneto-resistive effect memory cell 
includes at least two layer structures; at least one first 
nonmagnetic film interposed between the at least two 
layer structures; and at least one conductive film. Each 
of the at least two layer structures includes a first ferro- 50 
magnetic film, a second ferromagnetic film, and a sec- 
ond nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromagnetic film. 
The first ferromagnetic film has a magnetization more 
easily rotatable than a magnetization of the second fer- 55 
romagnetic film. The method includes the steps of caus- 
ing a first current to flow in each of the at least two layer 
structures to compare a resistance value corresponding 



to the first current and a reference resistance value, 
thereby reading multiple levels of a signal written in the 
magneto-resistive effect memory cell. 
[0099] In one embodiment of the invention, the 
method further includes the step of causing a current 
which rises in a gradually increasing manner to flow in 
the at least one conductive film. 
[0100] According to still another aspect of the 
invention, a method for writing multiple levels of a signal 
to and reading multiple levels of a signal from an MRAM 
including a plurality of magneto-resistive effect memory 
cells is provided. Each magneto-resistive effect memory 
cell includes at least two layer structures; at least one 
first nonmagnetic film interposed between the at least 
two layer structures; and at least one conductive film. 
Each of the at least two layer structures includes a first 
ferromagnetic film, a second ferromagnetic film, and a 
second nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromagnetic film. 
The first ferromagnetic film has a magnetization more 
easily rotatable than a magnetization of the second fer- 
romagnetic film. The plurality of conductive films are 
arranged in at least one prescribed direction. The 
method includes the steps of causing a first current to 
flow in the at least one conductive film of a first mag- 
neto-resistive effect memory cell of the plurality of mag- 
neto-resistive effect memory cells to cause a 
magnetization rotation of at least one of the first ferro- 
magnetic film and the second ferromagnetic film of each 
of the at least two layer structures of the first magneto- 
resistive effect memory cell, or to cause a magnetiza- 
tion rotation of none of the first ferromagnetic film and 
the second ferromagnetic film of each of the at least two 
layer structures of the first magneto-resistive effect 
memory cell, thereby writing multiple levels of a signal in 
the first magneto-resistive effect memory cell; and caus- 
ing a second current to flow in each of the at least two 
layer structures of the first magneto-resistive effect 
memory cell to compare a resistance value correspond- 
ing to the second current and a reference resistance 
value, thereby reading the multiple levels of the signal 
written in the first magneto-resistive effect memory cell. 
[0101] In one embodiment of the invention, the 
method further includes the step of causing a current 
which rises in a gradually increasing manner to flow in 
the at least one conductive film. 
[0102] In one embodiment of the invention, the 
method further includes the step of causing a third cur- 
rent to flow in the at least one conductive film of a sec- 
ond magneto-resistive effect memory cell other than the 
first magneto-resistive effect memory cell, the third cur- 
rent flowing in a direction for canceling a magnetic field 
leaked to a third magneto-resistive effect memory cell 
other than the first magneto-resistive effect memory 
cell. 

[0103] In one embodiment of the Invention, the sec- 
ond magneto-resistive effect memory cell is identical 
with the third magneto-resistive effect memory cell. 
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[0104] According to still another aspect of the 
invention, a method for writing multiple levels of a signal 
in an MRAM including a plurality of magneto-resistive 
effect memory cells is provided. Each magneto-resistive 
effect memory cell includes at least two layer structures: 
at least one first nonmagnetic film interposed between 
the at least two layer structures; and at least one con- 
ductive film. Each of the at least two layer structures 
includes a first ferromagnetic film, a second ferromag- 
netic film, and a second nonmagnetic film interposed 
between the first ferromagnetic film and the second fer- 
romagnetic film. The first ferromagnetic film has a mag- 
netization more easily rotatable than a magnetization of 
the second ferromagnetic film. The plurality of conduc- 
tive films are arranged in at least one prescribed direc- 
tion. The method includes the steps of causing a first 
current of flow in the at least one conductive film of a 
first magneto-resistive effect memory cell of the plurality 
of magneto-resistive effect memory cells to cause a 
magnetization rotation of at least one of the first ferro- 
magnetic film and the second ferromagnetic film of each 
of the at least two layer structures of the first magneto- 
resistive effect memory cell, or to cause a magnetiza- 
tion rotation of none of the first ferromagnetic film and 
the second ferromagnetic film of each of the at least two 
layer structures of the first magneto-resistive effect 
memory cell, thereby writing multiple levels of a signal in 
the first magneto-resistive effect memory cell. 
[0105] In one embodiment of the invention, the 
method further includes the step of causing a second 
current to flow in the at least one conductive film of a 
second magneto-resistive effect memory cell other than 
the first magneto-resistive effect memory cell, the sec- 
ond current flowing in a direction for canceling a mag- 
netic field leaked to a third magneto-resistive effect 
memory cell other than the first magneto-resistive effect 
memory cell. 

[01 06] In one embodiment of the invention, the sec- 
ond magneto-resistive effect memory cell is identical 
with the third magneto-resistive effect memory cell. 
[0107] According to still another aspect of the 
invention, a method for reading multiple levels of a sig- 
nal from an MRAM including a plurality of magneto- 
resistive effect memory cells is provided. Each mag- 
neto-resistive effect memory cell includes at least two 
layer structures; at least one first nonmagnetic film inter- 
posed between the at least two layer structures; and at 
least one conductive film. Each of the at least two layer 
structures includes a first ferromagnetic film, a second 
ferromagnetic film, and a second nonmagnetic film 
interposed between the first ferromagnetic film and the 
second ferromagnetic film ; The first ferromagnetic film 
has a magnetization more easily rotatable than a mag- 
netization of the second ferromagnetic film. The plurality 
of conductive films are arranged in at least one pre- 
scribed direction. The method includes the steps of 
causing a first current to flow in each of the at least two 
layer structures of a first magneto-resistive effect mem- 



ory cell of the plurality of magneto-resistive effect mem- 
ory cells to compare a resistance value corresponding 
to a the first current and a reference resistance value, 
thereby reading multiple levels of a signal written in the 
5 first magneto-resistive effect memory cell. 

[0108] In one embodiment of the invention, the 
method further includes the step of causing a current 
which rises in a gradually increasing manner to flow in 
the at least one conductive film. 
10 [0109] In one embodiment of the invention, the 
method further includes the step of causing a second 
current to flow in the at least one conductive film of a 
second magneto-resistive effect memory cell other than 
the first magneto-resistive effect memory cell, the sec- 
ts ond current flowing in a direction for canceling a mag- 
netic field leaked to a third magneto-resistive effect 
memory cell other than the first magneto-resistive effect 
memory cell. 

[01 1 0] In one embodiment of the invention, the sec- 
20 ond magneto-resistive effect memory cell is identical 
with the third magneto-resistive effect memory cell. 
[0111] According to one aspect of the present 
invention, a free layer in which the magnetization direc- 
tion is relatively easily rotatable by the external mag- 
25 netic field includes a ferromagnetic film having a small 
magnetic coercive force even though being thin, and an 
amorphous film. According to another aspect of the 
present invention, a free layer includes a synthesized 
ferrimagnetic film including ferromagnetic films which 
30 are antiferromagnetically exchange-coupled to each 
other. 

[0112] Thus, the invention described herein makes 
possible the advantages of providing a microscopic 
magnetic magneto-resistive effect element and a micro- 

35 scopic magneto-resistive effect memory cell which 
include a ferromagnetic film and are sufficiently easily 
operable as a result of the strength of the anti-magnetic 
component of the ferromagnetic film being reduced, an 
MRAM including a plurality of such magneto-resistive 

40 effect elements or a plurality of magneto-resistive effect 
memory cells integrated at a high density, and a method 
for performing information write or read to or from the 
microscopic magneto-resistive effect memory cell. 
[0113] These and other advantages of the present 

45 invention will become apparent to those skilled in the art 
upon reading and understanding the following detailed 
description with reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 

[0114] 

Figure 1 is a cross-sectional view of an MR effect 
memory cell in a first example according to the 
55 present invention; 

Figures 2A and 2B are diagrams illustrating an 
operation principle of the MR effect memory cell in 
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the first example; 

Figure 3 is a cross-sectional view of an MR effect 
memory cell in a second example according to the 
present invention; 5 

Figures 4A through 4C are diagrams illustrating an 
operation principle of the MR effect memory cell in 
the second example; 

10 

Figure 5A is a plan view of an MRAM in a third 
example according to the present invention; 

Figure 5B is a partial isometric view of the MRAM 
shown in Figure 5A; *5 

Figure 5C is an exemplary partial cross-sectional 
view of the MRAM shown in Figure 5A; 

Figure 6A is a cross-sectional view of an MR effect 20 
memory cell in the third example; 

Figure 6B is a plan view of the MR effect memory 
cell in the third example; 

25 

Figures 7A through 7D are cross-sectional views of 
an MR effect memory cell in a fourth example 
according to the present invention; 

Figures 8A through 8D are cross-sectional views of 30 
a MR portion in a fifth example according to the 
present invention; 

Figures 8E through 8G are isometric views of ferro- 
magnetic films in a soft magnetic film of an MR por- 35 
tion in the fifth example according to the present 
invention; 

Figures 9A and 9B are graphs illustrating an opera- 
tion of an MR effect memory cell in a sixth example 40 
according to the present invention; 

Figures 10A and 10B are graphs illustrating an 
operation of an MR effect memory cell in a seventh 
example according to the present invention; 45 

Figures 11 A and 11B are graphs illustrating an 
operation of an MR effect memory cell in a ninth 
example according to the present invention; 

50 

Figure 12A is a configuration diagram of an MRAM 
in a fourteenth example according to the present 
invention; 

Figure 12B is a partial isometric view of the MRAM 55 
shown in Figure 12A; 

Figures 12C, 12D and 12E are exemplary partial 



isometric views of the MRAM shown in Figure 12A; 

Figure 12F is a plan view of the MRAM shown in 
Figure in 12A; 

Figure 13 is a graph illustrating an operation of an 
MR effect memory cell in a twentieth example 
according to the present invention; 

Figure 14 is an asteroid-type magnetic field curve of 
the MR effect memory cell in the twentieth example; 

Figure 15A is a configuration diagram of an MRAM 
in the twentieth example; 

Figure 15B is a plan view of the MRAM in the twen- 
tieth example; 

Figure 16A is a partial isometric view of an MR 
effect head in a twenty-first example according to 
the present invention; 

Figure 16B is a cross-sectional view of the MR 
effect head shown in Figure 16A; 

Figure 17A is a plan view of a magnetic disk appa- 
ratus in the twenty-first example; and 

Figure 17B is a cross-sectional view of the mag- 
netic disk apparatus shown in Figure 17A. 

DESCRIPTION OF THE EMBODIMENTS 

[0115] Hereinafter, the present invention will be 
described by way of illustrative examples with reference 
to the accompanying drawings. 

(Example 1) 

[01 16] Figure 1 shows a cross-sectional view of an 
MR effect memory cell 1 000 in a first example according 
to the present invention. 

[0117] The MR effect memory cell 1000 is a spin 
valve-type MR effect memory cell using a hard magnetic 
film (hereinafter, referred to as an "HM spin valve-type 
MR effect memory cell"). 

[0118] The MR effect memory cell 1000 includes a 
MR portion 100, conductive films 140, 150 and 170, and 
an insulating film 160. The conductive films 140 and 150 
respectively act as a part of a sense line and a bit line, 
or vice versa when the MR effect memory cell 1000 is 
incorporated into an MRAM. The conductive film 170 
acts as a part of a word line when the MR effect memory 
cell 1000 is incorporated into an MRAM. The MR por- 
tion 100 includes a hard magnetic film 110 (second fer- 
romagnetic film), a nonmagnetic insulating film 1 20, and 
a soft magnetic film 130 (first ferromagnetic film). The 
soft magnetic film 130 is more easily magnetization- 
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rotated than the hard magnetic film 110 by an external 
magnetic field. The MR portion 100 is electrically con- 
nected with the conductive films 140 and 150. The con- 
ductive film 170 is provided above the MR portion 100 
with the insulating film 160 interposed therebetween. 5 
[0119] In the drawings attached to this specifica- 
tion, the arrows shown in magnetic films represent the 
directions of the magnetization of the respective mag- 
netic films. It should be noted that the magnetization 
direction of each magnetic film is not limited to the mag- 10 
netization direction shown in the drawings and is varia- 
ble in various examples. The magnetization direction 
can also be changed by a writing operation and a read- 
ing operation. 

[0120] The MR effect memory cell 1000 operates 15 
as follows. Information is written by causing magnetiza- 
tion inversion of the hard magnetic film 110 by a mag- 
netic field generated by a current which flows in the 
conductive film 170 (word line). Information is read by 
causing magnetization inversion of the soft magnetic 20 
film 130 without causing magnetization inversion of the 
hard magnetic film 110. A magnetic field can be gener- 
ated by causing a current to flow in the conductive film 
140 or 150 which acts as the sense line in addition to 
the conductive film 170. In this case, it is preferable that 25 
the sense line formed of a plurality of conductive films 
140 or conductive films 150 and the word lines formed 
of a plurality of conductive films 170 are perpendicular 
to each other. 

[0121] Such an information write and read opera- 30 
tion realizes a non-destructive read out (NDRO) of the 
MR effect memory cell 1000. In this case, magnetization 
inversion requires two magnetic field strength threshold, 
i.e., a writing threshold value Hh and a reading thresh- 
old value Hs which respectively correspond to a mag- 
netic coercive force of the hard magnetic film 1 1 0 and a 
magnetic coercive force of a soft magnetic film 130. 
[0122] Figures 2A and 2B show an operation princi- 
ple of the MR effect memory cell 1000. A signal or data 
is written in the MR effect memory cell 1000 as follows. 
A positive pulse current 501 or a negative pulse current 
502 is caused to flow in the conductive film 170 to apply 
a magnetic field which exceeds the writing threshold 
value Hh corresponding to the magnetic coercive force 
of the hard magnetic film 110 to the hard magnetic film 
110, thus causing magnetization inversion of the hard 
magnetic film 110. The level of the signal, i.e., "1" or "0" 
is written corresponding to the magnetization direction 
of the hard magnetic film 110. 

[0123] The written signal or data is read as follows. 
While a constant current flows in the conductive films 
140 and 150 (Figure 1), a weak pulse current is caused 
to flow in the conductive film 170, thus generating a 
magnetic field having a strength which is equal to or 
more than the threshold value Hs corresponding to the 
magnetic coercive force of the soft magnetic film 130 
and is equal to or less than the threshold value Hh cor- 
responding to the magnetic coercive force of the hard 
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magnetic film 110. The signal is read by determining 
whether the magnetization inversion of the soft mag- 
netic film 130 is caused or not. Specifically, the level of 
the signal, i.e., the data storage state is identified to be 
"1 M or "0" by monitoring a change in the resistance value 
of the MR portion 100 through the conductive films 140 
and 150. 

[0124] When a current similar to the positive pulse 
current 501 is caused to flow in the conductive film 170 
while the MR effect memory cell 1000 is in the data stor- 
age state of "1" (Figure 2A), the resistance value of the 
MR portion 100 is not changed. When a current similar 
to the positive pulse current 501 is caused to flow in the 
conductive film 170 while the MR effect memory cell 
1000 is in the data storage state of "0" (Figure 2A), the 
resistance value of the MR portion 100 increases. When 
a current similar to the negative pulse current 502 is 
caused to flow in the conductive film 170, the result is 
opposite to the above. 

[0125] When a pulse current 503 having a combina- 
tion of positive and negative pulses is caused to flow in 
the conductive film 170 while the MR effect memory cell 
1000 is in the data storage state of "1", the resistance 
value of the MR portion 100 changes from 0 to a posi- 
tive value. Thus, the change ratio (AR-i/At) is positive. By 
contrast, when the pulse current 503 is caused to flow in 
the conductive film 170 while the MR effect memory eel! 
1000 is in the data storage state of "0", the change ratio 
(AR-j/At) is negative. It should be noted that the pulse 
current 503 has a level which does not cause magneti- 
zation inversion of the hard magnetic film 110 but can 
cause magnetization inversion of the soft magnetic film 
130. 

[0126] The above-described operation principle 
allows a signal to be read from the MR effect memory 
cell 1000. In an HM spin valve-type MR effect memory 
cell such as the MR effect memory cell 1000, the mag- 
netization state of the hard magnetic film 110 does not 
change while a signal is being read and thus an NDRO 
is possible. 

[0127] A semi-hard magnetic film is usable instead 
of the hard magnetic film 110. 

[0128] The hard magnetic film 110 and the soft 
magnetic film 130 can be located opposite of each 
other. 

[0129] Especially when the conductive film 170 is 
used for applying a magnetic field to the MR portion 
100, the soft magnetic film 130 is preferably located as 
close as possible to the conductive film 170. 
[0130] Herein, an example of a so-called constant 
current mode is described, in which a change in the 
resistance value occurring while a constant current is 
applied is detected as a voltage change. Alternatively, a 
so-called constant voltage mode is usable, in which a 
change in the current level occurring while a constant 
voltage is applied is detected as a current change. 
[0131] The structure of the MR effect memory cell 
1000 is usable as an MR effect element. The MR effect 
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element is usable as a magnetic head, and a magnetic 
field applied from a recording medium or the like is 
sensed by the MR portion 100. The conductive film 170 
can be eliminated when the MR effect element is used 
as a magnetic head. 5 

(Example 2) 

[0132] Figure 3 shows a cross-sectional view of an 
MR effect memory cell 2000 in a second example 10 
according to the present invention. Throughout this 
specification, identical elements previously discussed 
with respect to figures bear identical reference numerals 
and the detailed descriptions thereof will be omitted. 
[0133] The MR effect memory cell 2000 is a spin 15 
valve-type MR effect memory cell using an antiferro- 
magnetic film (hereinafter, referred to as an "AF spin 
valve-type MR effect memory cell"). 
[0134] The MR effect memory cell 2000 includes a 
MR portion 101, conductive films 141, 150 and 170, and 20 
an insulating film 160. The conductive films 141 and 150 
respectively act as a part of a sense line and a bit line, 
or vice versa when the MR effect memory cell 2000 is 
incorporated into an MRAM. The conductive film 170 
acts as a part of a word line when the MR effect memory 
cell 2000 is incorporated into an MRAM. The MR por- 
tion 101 includes an antiferromagnetic film 180, a ferro- 
magnetic film 190 (second ferromagnetic film) 
exchange-coupled with the antiferromagnetic film 180, a 
nonmagnetic insulating film 120, and a soft magnetic 
film 130 (first ferromagnetic film). The MR portion 101 is 
electrically connected with the conductive films 141 and 
150. The soft magnetic film 130 is more easily magneti- 
zation-rotated than the ferromagnetic film 190 by an 
external magnetic field. 

[0135] A magnetic field generated by a current flow- 
ing in the conductive film 170 (word line) does not cause 
magnetization inversion in the ferromagnetic film 190 
but causes magnetization inversion only in the soft mag- 
netic film 130 which is magnetically separated from the 
ferromagnetic film 190 by the nonmagnetic insulating 
film 120. Accordingly, information write and read is per- 
formed only by magnetization inversion of the soft mag- 
netic film 130. Therefore, although it is difficult to realize 
an NDRO, there is only one magnetic field threshold 
value required for causing magnetization inversion and 
thus the operation principle is simple. 
[0136] Figures 4A and 4B show an operation princi- 
ple of the MR effect memory cell 2000. 
[01 37] The ferromagnetic film 1 90 is exchange-cou- 
pled with the antiferromagnetic 180, and the magnetiza- 
tion of the ferromagnetic film 190 is pinned in one 
direction. 

[0138] A signal or data is written in the MR effect 
memory cell 2000 as follows. A positive pulse current 
51 1 or a negative pulse current 512 is caused to flow in 
the magnetic film 170 to apply a magnetic field which is 
equal to or more than the reading threshold value Hs 



corresponding to a magnetic coercive force of the soft 
magnetic film 130 to the soft magnetic film 130, thus 
causing magnetization inversion of the soft magnetic 
film 130. The level of the signal, i.e., "1" or M 0" is written 
corresponding to the magnetization direction of the soft 
magnetic film 130. 

[0139] The written signal or data is read as follows. 
While a constant current flows in the conductive films 
141 and 150 (Figure 3), a positive or negative weak 
pulse current is caused to flow in the conductive film 
170, thus generating a magnetic field having a strength 
which is equal to or more than the threshold value Hs 
corresponding to the magnetic coercive force of the soft 
magnetic film 130. The signal is read by determining 
whether the magnetization inversion of the soft mag- 
netic film 130 is caused or not. Specifically, the level of 
the signal, i.e., the data storage state is identified to be 
"1" or "O" by monitoring a change in the resistance value 
of the MR portion 101 through the conductive films 141 
and 150. 

[0140] When a positive pulse current 513 is caused 
to flow in the conductive film 170 while the MR effect 
memory cell 2000 is in the data storage state of "1 " (Fig- 
ure 4B), the resistance of the MR portion 101 is not 
changed (AR 2 =0). When the positive pulse current 513 
is caused to flow in the conductive film 170 while the MR 
effect memory device 2000 is in the data storage state 
of "0" (Figure 4B), the resistance of the MR portion 101 
changes (AR 2 *0). When a negative pulse current (not 
shown) is caused to flow in the conductive film 170, the 
result is opposite to the above. It should be noted that 
the pulse current 503 has a level which does not cause 
magnetization inversion of the hard magnetic film 110 
but can cause magnetization inversion of the soft mag- 
netic film 130. 

[0141] The above-described operation principle 
allows a signal to be read from the MR effect memory 
cell 2000. In an AF spin valve-type MR effect memory 
cell such as the MR effect memory cell 2000, the signal 
which has been written is destroyed when the signal is 
read. Accordingly, an NDRO is difficult to be realized but 
not impossible. A method for realizing an NDRO will be 
described below with reference to Figure 4C. 
[01 42] When a signal is read by a method of detect- 
ing a difference AR3 between the resistance value of the 
MR portion 101 and a reference resistance value R 1f 
the state of the signal, i.e., "1" or "0" can be read without 
causing a pulse current to flow in the conductive film 
170. Since the signal which is written is not destroyed 
when being read in this case, an NDRO can be realized. 
The reference resistance value R-j preferably is a value 
in the variable range of values of the resistance of the 
MR portion 101. When a plurality of MR effect memory 
cells are integrated, a resistance value of one of the plu- 
rality of MR effect memory cells is preferably used as 
the reference resistance value R v 
[0143] As an antiferromagnetic film 1 80, a magneti- 
zation rotation prevention film is usable. 
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[0144] The ferromagnetic film 190 and the soft 
magnetic film 130 can be located opposite of each 
other. 

[0145] The structure of the MR effect memory cell 
2000 is usable as an MR effect element as in the first 5 
example. 

[0146] The hard magnetic film 1 1 0 of the MR effect 
memory cell 1000 in the first example and the ferromag- 
netic film 190 of the MR effect memory cell 2000 in the 
second example correspond to a pinned layer of an MR 10 
effect element. Exemplary suitable metal and alloy 
materials used for the hard magnetic film 110 and the 
ferromagnetic film 190 include Co, Co-Fe, Ni-Fe, and Ni- 
Fe-Co. Specifically, Co and a Co-Fe alloy are suitable 
for obtaining a high MR ratio, and thus a Co-rich mate- 15 
rial is preferably used for an interface between the hard 
magnetic film 110 or ferromagnetic film 190 and the 
nonmagnetic insulating film 120. 
[0147] XMnSb (X is preferably at least one element 
selected from the group consisting of Ni, Pt, Pd and Cu) 20 
has a sufficiently high magnetic polarization ratio and 
thus provides a sufficiently high MR ratio when used in 
an MR effect element. 

[0148] Exemplary suitable oxide magnetic materi- 
als used for the hard magnetic film 110 and the ferro- 25 
magnetic film 190 include MFe 2 0 4 (M is preferably at 
least one element selected from the group consisting of 
Fe, Co and Ni). MFe 2 0 4 is ferromagnetic up to a rela- 
tively high temperature. Co-rich or Ni-rich MFe 2 0 4 has a 
higher resistance value than Fe-rich MFe 2 0 4 . Co-rich 30 
MFe 2 0 4 has a relatively large magnetic anisotropy. The 
hard magnetic film 110 and the ferromagnetic film 190 
having desirable characteristics can be obtained by 
adjusting the composition ratio of the components. 
[0149] The hard magnetic film 110 and the ferro- 35 
magnetic film 190 preferably have a thickness of about 
1 nm or more and about 10 nm or less. 
[0150] A magnetization rotation prevention film 
used as the antiferromagnetic film 180 which is in con- 
tact with the ferromagnetic film 1 90 can be formed of an 40 
irregular alloy such as, for example, Ir-Mn, Rh-Mn, Ru- 
Mn, or Cr-Pt-Mn. When the magnetization rotation pre- 
vention film is formed in a magnetic field, the magneti- 
zation rotation prevention film can be exchange-coupled 
with the ferromagnetic film 190, which simplifies the pro- 45 
duction process of the MR effect memory cell 2000. 
Exemplary regular alloys usable for the magnetization 
rotation prevention film include Ni-Mn and Pt-(Pd)-Mn. 
These regular alloys need to be heat-treated for regular- 
ization but have a sufficient level of stability against so 
heat. Among the regular alloys, Pt-Mn is especially pref- 
erable. Exemplary usable oxide materials include oc- 
Fe 2 0 3 , NiO, or LT0 3 (L is a rare earth element excluding 
Ce, and T is Fe, Cr, Mn, or Co). When these materials 
having a relatively low level of conductivity are used, the 55 
conductive film 141 is preferably located so as to be in 
direct contact with the ferromagnetic film 190 as shown 
in Figure 3. 



22 

[0151] The soft magnetic film 130 of the MR effect 
memory cells 1000 and 2000 in the first and second 
examples corresponds to a free layer of an MR effect 
element. Exemplary suitable materials for the soft mag- 
netic film 130 include Co, Co-Fe, Ni-Fe, and Ni-Fe-Co 
alloys. Preferable Ni-Fe-Co alloys include Ni x Fe y CO z 
(0.6<x<0.9, 0<y<0.3, 0<z<0.4), which is Ni-rich: and 
Ni x .Fey.Co 2 . (0<x'<0.4, 0<y'<0.5, 0.2<z'<0.95), which is 
Co-rich. 

[0152] The alloys having the above-mentioned 
compositions have a low magnetic distortion (1x1 0* 5 ) 
which is required for sensors or MR heads. 

Examples 3 through 20) 

[0153] In general, when the magnetization direction 
of a ferromagnetic film is in a planar direction of the film, 
and w is the planar size of the film and d is the thickness 
of the film, the strength of an anti-magnetic field compo- 
nent inside the ferromagnetic film, which is in the same 
direction as an external magnetic field component 
directed in the planar direction of the ferromagnetic film, 
increases as d/w increases. In other words, as the size 
of the MR effect element is reduced in accordance with 
an increase in the integration degree of an MRAM, the 
strength of the anti-magnetic field component of the fer- 
romagnetic film increases. Thus, a stronger magnetic 
field is required in order to magnetize the ferromagnetic 
film. A larger magnetic coercive force is required in 
order to stabilize the magnetized state. As a result, 
magnetization inversion by a magnetic field generated 
by a current flowing through a word line becomes more 
difficult. 

[01 54] As can be appreciated from the above, when 
the width of an MR effect element is as small as on the 
order of submicrometers, the anti-magnetic field com- 
ponent of the ferromagnetic film is not negligible. Thus, 
a stronger magnetic field is required in order to magnet- 
ize the ferromagnetic field. 

[0155] According to the present invention, a free 
layer in which the magnetization direction is relatively 
easily rotatable by an application an external magnetic 
field includes a ferromagnetic film having a small mag- 
netic coercive force even though being thin, and an 
amorphous film. Alternatively, a free layer includes a 
synthesized ferrimagnetic film including ferromagnetic 
films which are antiferromagnetically exchange-coupled 
to each other. By forming the free layer to have such 
structures, a microscopic MR effect memory cell or ele- 
ment can be provided, and an MRAM including a plural- 
ity of such MR effect memory cells integrated at a high 
density can also be provided, as described in the follow- 
ing examples. 

(Example 3) 

[0156] Figure 5A is a partial plan view of an MRAM 
3000 in a third example according to the present inven- 
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tion, and Figure 5B is a partial isometric view of the 
MRAM 3000. 

[0157] The MRAM 3000 includes a plurality of MR 
effect memory cells 1000 in the first example or a plural- 
ity of MR effect memory cells 2000 in the second exam- 5 
pie which are arranged in a matrix. The MR effect 
memory cells 1000 and 2000 are CPPMR elements. 
[0158] Herein, the MR portion 100 (or 101) has a 
shape of prism, but can have a shape of circular cylin- 
der, elliptical cylinder, truncated cone or truncated pyra- 
mid. A face of the MR portion 100 (or 101) which is in 
contact with the conductive films 140 or the like prefera- 
bly has a relationship of L^W^ where L-j represents the 
width and W-j represent the length as shown in Figure 
5B in order to provide an anisotropy in shape. 
[0159] Figure 5C is a cross-sectional view illustrat- 
ing a preferable cross-sectional shape of the conductive 
film 170 which is more preferable for efficiently applying 
a magnetic field to the MR portion 100 (or 101). Letters 
h and h' each represent an angle made by a side of the 
cross-section facing the MR portion 100 (or 101) and 
another side. Preferably, at least one of angles h and h' 
is an acute angle. 

[0160] Due to the cross-sectional shape of the con- 
ductive film 170 as shown in Figure 5C, the current flow- 
ing in the conductive film 170 at a uniform density is 
caused to flow in the vicinity of the MR portion 100 (or 
101) in a larger amount than in the rest of the conduc- 
tive film 170. Thus, the magnetic field can be efficiently 
applied to the MR portion 100 (or 101). Such a cross- 
sectional shape is especially preferable when the 
aspect ratio (width/thickness) of the cross-section of the 
conductive film 170 is reduced due to the size reduction 
of the MRAM 3000. 

[0161] As can be appreciated from the above, the 
free layer in the MR 100 (or 101) is preferably located as 
close as possible to the conductive film 170 in order to 
efficiently apply the magnetic field. Such an arrange- 
ment is preferable because it increases an operation 
margin for selecting an MR portion in the MRAM 3000 
even when a synthesized magnetic field generated by 
the conductive film 170 (word line) and the sense line 
150 (or 140) which are perpendicular to each other is 
used. This occurs because the level of the current 
required for causing a magnetization rotation is lowest 
at the operation point where the strength of the mag- 
netic field generated by the conductive film 170 (word 
line) and the strength of the magnetic field generated by 
the sense line 150 are equal to each other (i.e., when 
6=45° in Figure 14). 

[0162] As shown in Figures 5A and 5B, in the 
MRAM 3000 including the CPPMR elements, the MR 
effect memory cells 1000 or 2000 are connected paral- 
lel to each other. Accordingly, even when the number N 
of the MR effect memory cells increases, the S/N ratio is 
not substantially reduced. 

[01 63] Figure 6A is a cross-sectional view of an MR 
effect memory cell 1001 according to the present inven- 



tion, and Figure 6B is a plan view of an MRAM 3001 
including a plurality of the MR effect memory cells 1001 
arranged in a matrix. 

[0164] The MR effect memory cell 1001 includes a 
MR portion 102, conductive films 142, 143 and 171, and 
an insulating film 161 . The conductive films 142 and 143 
respectively act as a part of a sense line and a bit line, 
or vice versa when the MR effect memory cell 1001 is 
incorporated into an MRAM. The conductive film 171 
acts as a part of a word line when the MR effect memory 
cell 1001 is incorporated into an MRAM. The MR por- 
tion 102 includes a hard magnetic film 111, a nonmag- 
netic film 121, and a soft magnetic film 131. The MR 
portion 102 is electrically connected with the conductive 
films 142 and 143. The conductive film 171 is provided 
above the MR portion 102 with the insulating film 161 
interposed therebetween. The MR effect memory cell 
1001 having the above-described structure is a CIPMR 
element. 

[0165] As shown in Figure 6B, the MR effect mem- 
ory cells 1001 are connected in series. In such a case, 
when the number N of the MR effect memory cells 1001 
increases, the S/N ratio of the entirety of the MRAM 
3001 is considered to be reduced although the MR ratio 
of each MR effect memory cell 1001 remains the same. 
[0166] In some of the figures in the present applica- 
tion, including Figures 5A and 6B, the MR portion is 
represented as being larger than the sense, word and 
other lines. This is merely for clarity, and the size rela- 
tionship between the MR portion and the lines is not lim- 
ited to this. In order to efficiently apply a magnetic field 
to the MR portion, each line preferably covers the MR 
portions. 

[0167] The MRAMs 3000 and 3001 are memory 
devices using a magnetic property, and thus are nonvol- 
atile unlike semiconductor DRAMs utilizing accumula- 
tion of charges. Unlike semiconductor flash memory 
devices, there is no limit in the number of times of 
write/read operations in principle, and a time period 
required for write and erase operations is as short as on 
the order of nanoseconds. 

[0168] The operation principle of each MR effect 
memory cell is as described in the first and second 
examples. For producing the MRAM 3000 or 3001, a 
plurality of MR effect memory cells 1000, 1001 or 2000 
are provided in a matrix. Specifically, a plurality of word 
lines are first provided in a lattice, and then the MR 
effect memory cells 1000, 1001 or 2000 are provided 
respectively adjacent to intersections of the word lines. 
In Figures 5A, 5B and 6B, the word lines (conductive 
film 170 or 171) are shown in only one direction (i.e., 
row direction or column direction) for simplicity and in 
conformity to Figures 1, 3 and 6A. The lattice arrange- 
ment of the word lines will be described in detail in the 
following examples. 

[0169] A magnetic field generated by two intersect- 
ing word lines adjacent to a selected MR portion at 
address (N, M) is applied to the selected MR portion. 
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One of the two word lines can be replaced with one 
sense line. 

[0170] In an MRAM including a plurality of MR 
effect memory cells 1000 shown in Figure 1, when a 
synthesized magnetic field generated by the two word 
lines exceeds the value of a switching magnetic field 
represented by an asteroid-type curve of the hard mag- 
netic film 110, information is written. When the above- 
mentioned synthesized magnetic field does not exceed 
the value of the switching magnetic field but exceeds the 
value of a switching magnetic field of the soft magnetic 
film 130, an NDRO of information is performed from a 
desired MR effect memory cell 1000. 
[0171] In an MRAM including a plurality of MR 
effect memory cells 2000 shown in Figure 3, the opera- 
tion is basically the same as that of the MRAM including 
MR effect memory cells 1 000 in that a synthesized mag- 
netic field causes magnetization inversion of the soft 
magnetic film 130. 

[0172] Information stored in these MRAMs can be 
read in the following manner. A pulse current is caused 
to flow in two word lines adjacent to a MR portion at 
address (N, M), and information stored in the MR por- 
tion is read based on a change in the resistance value 
which is monitored through the sense line and the bit 
line connected to the MR portion. 
[0173] As described with reference to Figure 4C in 
the second example, an NDRO of the information stored 
in the MR portion at address (N, M) is realized by com- 
paring the resistance value of the MR portion and a ref- 
erence resistance value. 

[01 74] Alternatively, each word line and each sense 
line can be provided with a switching device such as, for 
example, a transistor. An MR portion at address (N, M) 
can be selected by selecting the word line of row N and 
the sense line (or bit line) of column M by an address 
designating signal. In order to prevent an inflow of a sig- 
nal pulse through another path and a return of a har- 
monic component caused by an increase in speed of 
signal pulse transfer and thus to transfer the signal 
pulse efficiently, each MR portion is preferably provided 
with a diode or a transistor. Especially in order to deal 
with a high speed pulse response, a MOS transistor is 
preferably used. 

[0175] As the MR effect memory cells are inte- 
grated at a higher density, the problem of leakage of a 
magnetic field generated by word lines to an area other 
than the selected MR portion becomes more serious. In 
order to alleviate an interference effect on the area other 
than the selected MR portion caused by the leaked 
magnetic field, a pulse current is preferably caused to 
flow not only in a pair of word lines generating a mag- 
netic field in the MR portion at address (N, M) but also 
in at least one more pair of word lines in the vicinity of or 
interposing the above-mentioned MR portion. In this 
manner, the magnetic field leaked to another MR por- 
tion, other than the MR portion at address (N, M), can 
be cancelled by a magnetic field generated by word 



lines corresponding to the another MR portion or by a 
magnetic field generated by word lines corresponding to 
still another MR portion. Thus, influence of the leaked 
magnetic fields is reduced. 

5 

(Example 4) 

[0176] Figures 7A through 7D are cross-sectional 
views of an MR effect memory cell 4000 in a fourth 

w example according to the present invention. 

[0177] The MR effect memory cell 4000 includes a 
MR portion 200, an insulating film 162, and a conduc- 
tive film 172. The MR portion 200 includes hard mag- 
netic films 112, 113 and 114, soft magnetic films 132, 

15 133 and 134, nonmagnetic insulating films 122, 123 and 
124, and nonmagnetic films 222 and 223. The conduc- 
tive film 172, which acts as a part of a word line when 
the MR effect memory cell 4000 is incorporated in an 
MRAM, is provided above the MR portion 200 with the 

20 insulating film 162 interposed therebetween. 

[0178] The MR portion 200 includes a plurality of 
soft magnetic film/nonmagnetic insulating film/hard 
magnetic film structures stacked with a nonmagnetic 
film interposed between each structure of the plurality. 

25 In the MR portion 200 shown in Figure 7A through 7D, 
three such structures are stacked. The number of such 
structures is optional. 

[0179] In the fourth example, the hard magnetic 
films 1 12, 1 13 and 114 have different magnetic coercive 

30 forces, and as a result, there are a plurality of magnetic 
field threshold values for writing. Accordingly, four differ- 
ent levels of a signal can be stored in one MR effect 
memory cell 4000. The magnetic coercive force of each 
of the hard magnetic films 112, 113 and 114 can be 

35 changed by changing the composition or the thickness 
of the respective film. By a method of detecting a differ- 
ence AR 4 between the resistance value of the MR por- 
tion 200 and a reference resistance value R 2> the four 
levels of the signal stored (e.g., "0", "1", "2" and "3") can 

40 be read. 

[0180] Since the MR effect memory cell 4000 
includes three soft magnetic film/nonmagnetic insulat- 
ing film/hard magnetic film structures, there are four pat- 
terns of magnetization directions as shown in Figures 
45 7 A through 7D. Accordingly, four levels (e.g., "0", "1 "2" 
and "3") can be stored in one MR effect memory cell 
4000. 

[0181] Information is written in the MR effect menv 
ory cell 4000 by causing magnetization inversion of the 

so hard magnetic films 112, 113 and 114 by a magnetic 
field which is generated by pulse currents 521, 522 and 
523 flowing in the conductive film 172. In the fourth 
example, the magnetic coercive force of the hard mag- 
netic film 112 is smallest and the magnetic coercive 

55 force of the hard magnetic film 1 14 is largest. By adjust- 
ing the level of the pulse current flowing in the conduc- 
tive film 172, the hard magnetic film or films in which 
magnetization inversion is caused can be selected 
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among the hard magnetic films 112, 113 and 114. In the 
fourth example, the level of the pulse current flowing in 
the conductive film 172 gradually increases from the 
state in Figure 7B toward the state in Figure 7D. In Fig- 
ure 7A, the level of a pulse current 520 flowing in the 
conductive film 172 is still lower than the level of a pulse 
current 521 in Figure 7B. In Figure 7A, magnetization 
inversion occurs in none of the hard magnetic films; and 
in Figure 7D, magnetization inversion occurs in all of the 
hard magnetic films 112, 113 and 114. 
[0182] Information is read from the MR effect mem- 
ory cell 4000 by a method of detecting the difference 
AR 4 between the resistance value of the MR portion 200 
and the reference resistance value R 2 as described 
above. 

[0183] Information can also be read by causing a 
current to flow in the conductive film 172 and reading a 
change in the resistance value of the MR portion 200. In 
this case, the change in the resistance value of the MR 
portion 200 can be detected by, for example, a compar- 
ison with the reference resistance value R 2 . 
[0184] The soft magnetic films 132, 133 and 134 
can have different magnetic coercive forces. In such a 
case, many levels of the signal can be stored in one MR 
effect memory cell 4000 by precisely adjusting the level 
of the pulse current flowing in the conductive film 172 
and determining the film or films in which magnetization 
inversion is to be caused and the film or films in which 
magnetization inversion is not to be caused among the 
soft magnetic films 132, 133 and 134. These levels of 
the signal are preferably read by a method of detecting 
the difference AR 4 between the resistance value of the 
MR portion 200 and the reference resistance value R 2 
as described above. 

[0185] Alternatively, the magnetization direction of 
all the hard magnetic films 112, 113 and 114 can be 
pinned, in which case the levels of the signal can be 
stored by causing the magnetization inversion only in an 
arbitrary one of the soft magnetic films 132, 133 and 
134 as described in the second example. 

(Example 5) 

[0186] In a fifth example according to the present 
invention, the MR portion 100 (Figure 1) will be 
described in more detail. Figures 8A through 8D are 
cross-sectional views of various examples of the MR 
portion 100 in the fifth example. 
[01 87] Referring to Figure 8A, the soft magnetic film 
130, which is a free layer, includes an interface mag- 
netic film 220 in contact with the nonmagnetic insulating 
film 120 and a nonmagnetic film 210 in order to increase 
the MR ratio. The free layer needs to have a soft mag- 
netic property and thus can be formed of a Ni-rich mate- 
rial. In the example of Figure 8A, the interface magnetic 
film 220 is formed of a Co-rich material, and the non- 
magnetic film 210 is formed of, for example, CoFeB or 
CoMnB. Due to such a structure, even when the soft 



magnetic film 1 30 has a thickness of about 2 nm or less, 
a sufficiently high MR ratio can be provided without 
spoiling the soft magnetic property. An MR effect mem- 
ory cell including such a free layer is satisfactorily stable 

5 against heat. In other words, an MR effect memory cell 
including a free layer having a magnetic effective thick- 
ness of about 2 nm or less can be realized when the 
free layer (soft magnetic film 130) includes the interface 
magnetic film 220 and the nonmagnetic film 210. The 

10 interface magnetic film can be formed of an alloy mate- 
rial containing at least one element of Co, Ni and Fe or 
Ni x -COy-Fe z as a main component, where 0<x<0.4, 
0.2<y<0.95, 0<z<0.5. 

[0188] When the interface magnetic film 220 is 
15 excessively thick, the soft magnetic property is deterio- 
rated and thus the MR ratio is reduced. In order to avoid 
this, the interface magnetic film 220 needs to have a 
thickness of 2 nm or less, preferably about 1 .2 nm or 
less. The interface magnetic film 220, however, needs to 
20 have a thickness of about 0.2 nm or more, preferably 
about 0.8 nm or more, in order to effectively act. The 
interface magnetic film 220 is preferably formed of Co or 
a Co-Fe alloy having a sufficiently high concentration of 
Co. 

25 [0189] Referring to Figure 8B, the soft magnetic film 
(free layer) 130 of the MR portion 100 has an exchange- 
coupled ferrimagnetic film structure. The soft magnetic 
film 130 acting as an exchange-coupled ferrimagnetic 
films includes two ferromagnetic films 230 and 250 and 

30 a nonmagnetic film 240. The two ferromagnetic films 
230 and 250 are exchange-coupled to each other 
through the nonmagnetic film 240. This exchange cou- 
pling can be made antiferromagnetic by forming the 
nonmagnetic film 240 to have an appropriate thickness 

35 (for example, when the nonmagnetic film 240 is formed 
of Ru, the thickness of the nonmagnetic film 240 is 
about 0.6 nm or more and about 0.8 nm or less). In the 
example of Figure 8B, the ferromagnetic films 230 and 
250 have different thicknesses from each other or have 

40 different strengths of saturated magnetization from 
each other. 

[0190] The nonmagnetic film 240 is preferably 
formed of a nonmagnetic metal material which relatively 
easily causes exchange coupling between magnetic 

45 films, for example, Cu, Ag or Au. In consideration of the 
stability against heat at the interface between the ferro- 
magnetic film 230 and the nonmagnetic film 240 and the 
interface between the ferromagnetic film 250 and the 
nonmagnetic film 240, the nonmagnetic film 240 is more 

so preferably formed of, for example, Ru, Rh, lr, or Re. Ru 
is especially preferable. The ferromagnetic films 230 
and 250 are preferably formed of a metal magnetic 
material containing at least one of Ni, Co and Fe as a 
main component. 

55 [0191] The strength of saturated magnetization of a 
ferromagnetic film is determined by multiplying the mag- 
nitude of a magnetic moment, inherent to the material, 
determining the magnetization by the volume of the fer- 
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romagnetic film (corresponding to the number of mag- 
netic moments included in the ferromagnetic film). In the 
case of the structure shown in Figure 8B, the exchange- 
coupled ferromagnetic films 230 and 250 have an equal 
size in the planar direction thereof. Accordingly, the 5 
strength of the saturated magnetization in the planar 
direction of each of the ferromagnetic films 230 and 250 
is determined by the magnitude of the magnetic 
moment inherent in the material thereof and the thick- 
ness thereof. In the soft magnetic film (free layer) 130 
having such an exchange-coupled ferrimagnetic film 
structure, the effective magnetic thickness of the soft 
magnetic film 130 is substantially the difference in the 
thickness between the ferromagnetic films 230 and 250. 
By causing the ferromagnetic films 230 and 250 to have 
a thickness difference, the ferromagnetic films 230 and 
250 have a magnetization difference. Reduction in the 
effective magnetic thickness of the soft magnetic film 
130 is effective in improving the sensitivity of the MR 
portion 100 and a device including the MR portion 100. 
[0192] Especially in order to cause the ferromag- 
netic films 230 and 250 to have a magnetization differ- 
ence by having a thickness difference, the thickness 
difference between the ferromagnetic films 230 and 250 
is preferably about 2 nm or less. Since the effective 
magnetic thickness of the soft magnetic film 130 is sub- 
stantially the difference in the thickness between the fer- 
romagnetic films 230 and 250, the soft magnetic film 
130 is about 2 nm or less. 

[0193] For causing magnetization inversion of the 
free layer in which the thickness difference between two 
ferromagnetic films is about 2 nm or less, a stronger 
external magnetic field is required as the anti-magnetic 
field component becomes stronger. In production of an 
MRAM, an external magnetic field is generated by word 
lines (or sense lines) and is applied to the MR portions. 
Even when the word lines are formed of a low resist- 
ance copper (Cu), the maximum possible level of cur- 
rent which can flow in the word lines is about 50 
MA/cm 2 . In consideration of an operation margin in light 
of the operation stability of the MRAM, the thickness dif- 
ference between the ferromagnetic films estimated 
based on the external magnetic field which can be gen- 
erated is preferably on the order of several nanometers 
or less. As a result of tests using the structure of Figure 
8B, it has been found that the difference thickness 
between the ferromagnetic films 230 and 250 is most 
preferably about 2 nm or less. The effective magnetic 
thickness of the free layer (soft magnetic film 130) is 
preferably about 0.2 nm or more since, otherwise, the 
soft magnetic property of the free layer is deteriorated. 
[0194] The magnetization rotation of the soft mag- 
netic film 130 is preferably performed as a rotation of an 
effective magnetization direction caused by the magnet- 
ization direction difference between the two ferromag- 
netic films 230 and 250 while the magnetization 
directions of the ferromagnetic films 230 and 250 are 
maintained anti-parallel against an application of an 



external magnetic field. The reason is that a magnetiza- 
tion rotation which destroys the anti-parallel state of the 
magnetization directions of the two ferromagnetic films 
by an application of an external magnetic field is not 
preferable because such a magnetization rotation 
needs to overcome the exchange coupling of the ferro- 
magnetic films 230 and 250 and thus requires a 
stronger external magnetic field than the magnetization 
rotation performed while maintaining the anti-parallel 
state. As shown in Figure 8D, it is effective for a low 
magnetic field operation of an MR effect memory cell to 
cause a magnetization rotation while the magnetization 
vectors of the ferromagnetic films 230 and 250 are 
maintained anti-parallel to each other against an appli- 
cation of an external magnetic field. 
[0 1 95] Figure 8D shows a change in the magnetiza- 
tion direction of the ferromagnetic films 230 and 250 
occurring when the direction of the external magnetic 
field changes from H 1 to H 2 . Figures 8E, 8F and 8G are 
isometric views of the ferromagnetic films 230 and 250 
in the soft magnetic film 130. As the direction of the 
external magnetic field changes from H-j to H 2 , the mag- 
netization directions of the ferromagnetic films 230 and 
250 change from the directions shown in Figure 8E to 
Figure 8F and further to Figure 8G. The magnetization 
rotation of the soft magnetic film 130 is performed as a 
rotation of an effective magnetization direction caused 
by the magnetization direction difference between the 
two ferromagnetic films 230 and 250 while the magneti- 
zation directions of the ferromagnetic films 230 and 250 
are maintained anti-parallel. In Figures 8E, 8F and 8G, 
the other films or layers of the MR portion 100 are not 
shown for the sake of simplicity. 
[0196] As a RAM using an MR effect element such 
as an MRAM is reduced in size to a submicrometer 
order, the processing precision is lowered and also the 
processed element itself is liable to be influenced by 
each particle of a magnetic film. As a result, it is difficult 
to divide the magnetic film of the element into magnetic 
domains. Forming a free layer having an exchange-cou- 
pled ferrimagnetic film structure as in Figure 8B is effec- 
tive in dividing the free layer into magnetic domains. 
[0197] The MR portion shown in Figure 8B has a 
satisfactory level of stability against heat by the combi- 
nation of (i) the division of the free layer into magnetic 
domains and (ii) the magnetic coupling of the two ferro- 
magnetic films by an antiferromagnetic exchange cou- 
pling energy. 

[0198] The above-described exchange-coupled fer- 
rimagnetic film structure is also usable for a hard mag- 
netic film 110 which is a pinned layer, as shown in 
Figure 8C. In Figure 8C, the hard magnetic film 110 
includes ferromagnetic films 260 and 280 and a non- 
magnetic film 270. The nonmagnetic film 270 is prefera- 
bly formed of a nonmagnetic metal material which 
relatively easily causes exchange coupling between 
magnetic films, for example, Cu, Ag or Au. In considera- 
tion of the stability against heat at the interface between 



15 



20 



25 



30 



35 



40 



45 



50 



16 



31 



EP 1 061 592 A2 



32 



the ferromagnetic film 260 and the nonmagnetic film 
270 and the interface between the ferromagnetic film 
280 and the nonmagnetic film 270, the nonmagnetic film 
270 is more preferably formed of, for example, Ru, Rh, 
Ir, or Re. Ru is especially preferable. 
[0199] The ferromagnetic films 260 and 280 of the 
hard magnetic film 110 as the exchange-coupled fer- 
rimagnetic film are preferably formed of a metal mag- 
netic material containing at least one of Ni, Co and Fe 
as a main component. 

[0200] The exchange coupling between the ferro- 
magnetic films 260 and 280 can be made antiferromag- 
netic by forming the nonmagnetic film 270 to have an 
appropriate thickness (for example, about 0.4 to about 1 
nm). When the nonmagnetic film 270 is formed of Ru, 
the thickness of the nonmagnetic film 270 is about 0.6 
nm or more and about 0.8 nm or less). In the case 
where the antiferromagnetic film (magnetization rotation 
prevention film) 180 is adjacent to the ferromagnetic 
films 260 and 280, the pinning effect can be improved. 
[0201] The structures of the MR portion 1 00 shown 
in the fifth example are applicable to the MR portion 101 
(Figure 3) and the MR portion 102 (Figures 6A and 6B). 
[0202] The nonmagnetic insulating film 120 is pref- 
erably formed of an oxide such as, for example, Al 2 0 3 or 
MgO, a carbide and a nitride. The nonmagnetic insulat- 
ing film 120 can also be formed of a wide-gap semicon- 
ductor having an energy gap value of about 2 to about 6 
eV. 

[0203] Preferable metals usable for the nonmag- 
netic film 121 (Figure 6A) include, for example, Cu, Ag, 
Au and Ru. Cu is especially preferable. 
[0204] The nonmagnetic film 121 needs to have a 
thickness of at least about 0.9 nm in order to weaken the 
interaction between the magnetic films interposing the 
nonmagnetic insulating film 120 or 121. The thickness 
of the nonmagnetic film 121 needs to be about 10 nm or 
less, preferably about 3 nm or less since, otherwise, the 
MR ratio becomes excessively low. When the thickness 
of the nonmagnetic film 121 is about 3 nm or less, the 
flatness of film or layer is important. When the flatness 
is not sufficient, two ferromagnetic films which are sup- 
posed to be magnetically separated from each other by 
the nonmagnetic film 121 are magnetically coupled to 
reduce the MR ratio and the sensitivity. The height of the 
roughness of an interface between the nonmagnetic 
film and each of the ferromagnetic films is preferably 
about 0.5 nm or less. 

[0205] The nonmagnetic insulating film 120 needs 
to have a thickness of at least about 0.3 nm in order to 
guarantee the insulating property. The thickness of the 
nonmagnetic insulating film 120 needs to be about 3 nm 
or less, since, otherwise, the tunneling current cannot 
flow. When the thickness of the nonmagnetic film 120 is 
about 3 nm or less, the flatness of film or layer is impor- 
tant. When the flatness is not sufficient, the nonmag- 
netic insulating film 120 is broken and causes a 
tunneling leak or the two ferromagnetic films (hard mag- 



netic film 110 and the soft magnetic film 130) are mag- 
netically coupled to reduce the MR ratio and the 
sensitivity. The height of the roughness of an interface 
between the nonmagnetic film and each of the ferro- 
5 magnetic films is preferably about 0.5 nm or less, more 
preferably 0.3 nm or less. 

[0206] The MR portion 100, 101 and 102 in the fifth 
example are each usable as an MR effect element as in 
the first and second examples. 

10 

(Example 6) 

[0207] In a sixth example according to the present 
invention, a method for producing the MR effect mem- 
15 ory cell 1000 described in the first example with refer- 
ence to Figure 1 will be described. In this specification, 
ratios used to indicate the composition are all atomic 
ratios. 

[0208] Referring to Figure 1, the MR portion 100 
20 was produced using, as sputtering targets, 
N 'o.68^°0.2 Fe 0.i2 (for the soft magnetic film 130), Al (for 
the nonmagnetic insulating film 120), Al 2 0 3 (for the non- 
magnetic insulating film 120), and Coo.75Pto.25 (for the 
hard magnetic film 110). For sputtering, a multi-origin 
25 sputtering apparatus (not shown) was used. The basic 
structure of the MR portion 100 was NiCoFe (15)/AI 2 0 3 
(1.5)/CoPt (10). In such a representation of the struc- 
ture, the numeral in the parentheses represents the 
thickness (unit: nm), and T represents that the sub- 
30 stances mentioned before and after the V are com- 
bined. The thickness of each film or layer was controlled 
by a shutter. 

[0209] Regarding a method for forming the non- 
magnetic insulating film 120 (A! 2 0 3 ), the inventors 

35 attempted method A of forming an Al film and then oxi- 
dizing the Al film and method B of sputtering Al 2 0 3 , and 
evaluated the resultant nonmagnetic insulating films 
obtained in both methods. For oxidation in method A, 
three methods were attempted: (i) natural oxidation in a 

40 vacuum tank, (ii) natural oxidation while being moistur- 
ized in a vacuum tank, and (iii) oxidation in plasma in a 
vacuum tank. The nonmagnetic insulating film obtained 
by any of the methods (methods A and B) was satisfac- 
tory. 

45 [0210] After the MR portion 100 was produced, 
CoPt for the hard magnetic film 110 was magnetized, 
and the MR ratio of the MR portion 100 was measured 
at room temperature at an applied magnetic field of 100 
Oe. The MR ratio of the MR portion 100 obtained using 

so method A was about 30%, and the MR ratio of the MR 
portion 100 obtained using method B was about 18%. 
The magnetic field width generated by the MR portion 
100 obtained using method A was about 5 Oe, and the 
magnetic field width generated by the MR portion 100 

55 obtained using method B was about 10 Oe. The size of 
the MR portion 100 in a planar direction thereof was 
about 0.25 urn 2 . 

[0211] The MR effect memory cell 1000 shown in 
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Figure 1 was produced including the MR portion 100 
produced using method A, having a higher MR ratio. 
The conductive films 140 and 150 acting as a part of 
either a sense line and a bit line were formed of Pt or 
Au, and the conductive film 170 acting as a part of a 
word line was formed of, for example, Al, AuCr, Ti/Au, 
Ta/Pt, Cr/Cu/PtHa or TiW. The insulation film 160 for 
insulating the MR portion 100 and the conductive film 
170 was formed of, for example, CaF 2 , Si0 2 or Si 3 N 4 . 
[0212] The operation of the MR effect memory cell 
1000 produced in this manner was confirmed in the fol- 
lowing manner. 

[021 3] A pulse current 531 shown in Figure 9A was 
caused to flow in the conductive film 170 (word line) to 
magnetize the hard magnetic film 110 in one direction. 
Then, a pulse current 532 shown in Figure 9B was 
caused to flow in the conductive film 170, and a change 
in the voltage value (i.e., a change in the resistance 
value AR5/At)of the MR effect memory cell 1000 meas- 
ured through the conductive films 140 and 150 (sense 
line and bit line) was monitored. As a result, a pulse 533 
shown in Figure 9B corresponding to the written infor- 
mation was detected. Thus, it was found that the 
desired MR effect memory cell 1000 using a nonmag- 
netic insulating film was realized. 

(Example 7) 

[0214] In a seventh example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example 
with reference to Figure 3 will be described. 
[0215] The MR portion 101 was produced in a man- 
ner similar to that described in the sixth example. 
[0216] Referring to Figure 3, the MR portion 101 
was produced using, as sputtering targets, Co 09 Fe 0 .i 
(for the soft magnetic film 130), Al (for the nonmagnetic 
insulating film 120), Ni 0 2 Fe 2 8 0 4 (for the ferromagnetic 
film 190), IrMn (for the antiferromagnetic film 180, i.e., 
the magnetization rotation prevention layer). The basic 
structure of the MR portion 101 was Co 09 Fe 01 
(7)/AI 2 0 3 (1.8)/Ni a2 Fe 28 0 4 (10)/lrMn (15). The non- 
magnetic insulating film 120 of Al 2 0 3 was formed by 
method A described in the sixth example. 
[0217] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 26%. The size of the MR portion 101 in a planer 
direction thereof was about 0.7 urn 2 . 
[0218] The MR effect memory cell 2000 shown in 
Figure 3 was produced including the MR portion 101 in 
a manner similar to that described in the sixth example. 
The conductive films 141 and 150 were formed of Au, 
and the conductive film 170 was formed of AuCr. The 
insulation film 160 was formed of Si0 2 in this example, 
but can be formed of, for example, CaF 2 , Al 2 0 3 or 
Si 3 N 4 . 

[0219] The operation of the MR effect memory cell 
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2000 produced in this manner was confirmed in the fol- 
lowing manner. 

[0220] A pulse current 541 shown in Figure 10A 
was caused to flow in the conductive film 170 to mag- 

5 netize the soft magnetic film 1 30 in one direction. Then, 
a pulse current 542 shown in Figure 10B was caused to 
flow in the conductive film 170, and a change in the volt- 
age value (AV^ of the MR effect memory cell 2000 
measured through the conductive films 141 and 150 

w was monitored. As a result, a voltage change 543 
shown in Figure 10B corresponding to the written infor- 
mation was detected. Thus, it was found that the 
desired MR effect memory cell 2000 using a nonmag- 
netic insulating film was realized. 

15 

(Example 8) 

[0221] In an eighth example according to the 
present invention, a method for producing the MR por- 
20 tion 100 described in the fifth example with reference to 
Figure 8A will be described. 

[0222] The MR portion 100 was produced in a man- 
ner similar to that described in the sixth example. 
[0223] Referring to Figure 8A, the MR portion 100 

25 was produced using, as sputtering targets, Co 0 9 Fe 0 ^ 
(for the interface magnetic film 220), Co (for the inter- 
face magnetic film 220 and the hard magnetic film 110), 
Al for the nonmagnetic insulating film 120), and CoMnB 
(for the ferromagnetic film 210). Two types of MR por- 

30 tions 100 were produced. One type had a first basic 
structure of CoMnB (1)/Co (1)/AI 2 0 3 (1.5)/Co (2), and 
the other type had a second basic structure of CoFeB 
(1)/Co 0 . 9 Fe ai (1)/AI 2 0 3 (1.5)/Co (2). For both types of 
MR portions 100, the nonmagnetic insulating film 120 of 

35 Al 2 0 3 was formed by method A described in the sixth 
example. 

[0224] A substrate (not shown) on which the MR 
portion 100 was to be formed was formed of, for exam- 
ple, a Si substrate having a surface thereof thermally 

40 oxidized or an Al 2 0 3 • TiC. On the substrate, a single 
layer film or a laminate film formed of, for example, Ta, 
Cu, NiFe or Pt in accordance with a purpose of use was 
provided as an underlying layer. On the underlying 
layer, the MR portion 100 was provided. On the MR por- 

45 tion 100, a single layer film or a laminate film formed of, 
for example, Ta, Cu, NiFe or Pt in accordance with a 
purpose of use, was provided as a cap layer. 
[0225] The MR ratio of each type of MR portion 1 00 
was measured at room temperature at an applied mag- 

so netic field of 100 Oe. The MR ratio of the MR portion 
100 having the first basic structure was about 32%. The 
MR ratio of the MR portion 100 having the second basic 
structure was about 29%. The size of the MR portion 
100 in a planar direction thereof was about 0.25 urn 2 . 

55 [0226] The MR effect memory cells 1000 shown in 
Figure 1 were produced including each type of MR por- 
tion 100. The conductive films 140 and 150 were formed 
of Au and Cu, and the conductive film 170 was formed 
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of AuCr. The insulation film 160 for insulating the MR 
portion 100 and the conductive film 170 was formed of 
Si0 2 in this example, but can be formed of, for example, 
CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0227] The operation of each type of MR effect 
memory cell 1000 produced in this manner was con- 
firmed by the method described in the sixth example 
with reference to Figures 9 A and 9B. As a result, in both 
types of MR effect memory cells 1000, the pulse 543 
shown in Figure 9B corresponding to the written infor- 
mation was detected. Thus, it was found that the 
desired MR effect memory cells 1000 according to the 
present invention was realized. 

(Example 9) 

[0228] In a ninth example according to the present 
invention, a method for producing the MR effect mem- 
ory cell 4000 described in the fourth example will be 
described. 

[0229] The MR portion 200 was produced in a man- 
ner similar to that described in the sixth example. 
[0230] Referring to Figure 7A through 7D, the MR 
portion 200 was produced using, as sputtering targets, 
Nio.68C°o.2 Fe o.l2 ( for tne s °ft magnetic films 132, 133 
and 134), Al (for the nonmagnetic insulating films 122, 
123 and 124), and Co 0 9 Fe 01 , Co and Co 0 .5Fe 0 5 (for 
the hard magnetic films 112, 113 and 114 having differ- 
ent magnetic coercive forces). The magnitudes of the 
magnetic coercive forces of the hard magnetic films 
have the relationship of Co 09 Feo.i>Co> Co 0 5 Fe 0 5 . 
[0231] The MR portion 200 had a three-layer struc- 
ture of Ni 0 68 Co 0 . 2 Fe ai2 (10)/AI 2 O 3 (1.5)/Co a9 Fe 0 A 
(15)/AI 2 0 3 (15)/Ni 068 Coo 2 Feoi 2 (10)/AI 2 O 3 (1.5)/Co 
(15)/AI 2 0 3 (15)/Nio. 68 Coo. 2 Fe 0 . 12 (10)/AI 2 O 3 
(1.5)/Co 0 5 Fe 0 5 (15). The nonmagnetic insulating films 
122, 123 and 124 of Al 2 0 3 were formed by method A 
described in the sixth example. 
[0232] The MR ratio of the MR portion 200 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 200 was 
about 28%. The size of the MR portion 200 in a planar 
direction thereof was about 0.25 ftm 2 . 
[0233] The MR effect memory cell 4000 was pro- 
duced including the MR portion 200 in a manner similar 
to that described in the sixth example. 
[0234] The conductive films acting as a part of a 
sense line and a bit line (corresponding to the conduc- 
tive films 140 and 150 in the first example; not shown in 
Figures 7A through 7D) were formed of Au, and the 
conductive film 172 was formed of AuCr. The insulation 
film 162 for insulating the MR portion 200 and the con- 
ductive film 172 was formed of Si0 2 in this example, but 
can be formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0235] The operation of the MR effect memory cell 
4000 produced in this manner was confirmed in the fol- 
lowing manner. 

[0236] A pulse current 551 shown in Figure 11A 



was caused to flow in the conductive film 172 to mag- 
netize the hard magnetic films 112, 113 and 114 in one 
direction. Next, a pulse current 552 shown in Figure 
11B which rises in a gradually increasing manner is 
caused to flow in the conductive film 172 to sequentially 
invert the magnetization directions of the hard magnetic 
films 112, 113 and 114. A change in the voltage value 
(AV 2 ) was monitored through the sense line and the bit 
line. As a result, a voltage change 553 shown in Figure 
11 B corresponding to the written information was 
detected. Thus, it was found that multiple levels of a sig- 
nal were written in the MR effect memory cell 4000. 
[0237] In the MR effect memory cell 4000 of the 
present invention, multiple level of a signal can be writ- 
ten by applying an appropriate bias current. Information 
written in the effect memory cell 4000 can be read 
based on a voltage change AV 2 occurring while a con- 
stant bias voltage is applied. 

(Example 10) 

[0238] In a tenth example according to the present 
invention, a method for producing the MR portion 100 
described in the fifth example with reference to Figure 
8B will be described. 

[0239] The MR portion 1 00 was produced in a man- 
ner similar to that described in the sixth example. 
[0240] Referring to Figure 8B, the MR portion 100 
was produced using, as targets, Coo. 9 Fe 0 A or 
N, o.8i Fe o.i9 (f° r tne ferromagnetic films 230 and 250 in 
the exchange-coupled ferrimagnetic film), Ru (for the 
nonmagnetic film 240), Al (for the nonmagnetic insulat- 
ing film 120), and Co 09 Fe 0 A (for the hard magnetic film 
110). Two types of MR portions 100 were produced. 
One type had a first basic structure of Co 0 .9Fe 0 .i 
(1.9)/Ru (0.7)/Co 0 . 9 Fe ai (2.9)/AI 2 0 3 (A 2)ICo 0 <fe QA 
(20). The other type had a second basic structure of 

Nio.8iFeo.19 ( 3 )' Ru (O-^/Nio.siFeo.ig (2)/AI 2 0 3 
(1.2)/Co 0 .9Fe 0 A (20). The nonmagnetic insulating film 
120 of Al 2 0 3 was formed by method A described in the 
sixth example. 

[0241 ] The M R ratio of each type of M R portion 1 00 
was measured at room temperature at an applied mag- 
netic field of 100 Oe. The MR ratio of the MR portion 
100 of both types was about 25%. The size of the MR 
portion 100 in a planar direction thereof was about 0.05 

UJTI 2 . 

[0242] It was found that the MR portion 100 in this 
example has a smaller anti-magnetic force than a MR 
portion having a basic structure of Co 09 Fe 01 
(4.8)/AI 2 0 3 (1.2)/Co 0 . 9 Fe 0 .i (20) or N1 081 Fe 0 . 19 
(5)/AI 2 0 3 (1.2)/Co 0 . 9 Fe 0 .i (20). The MR portion 100 in 
this example has a smaller anti-magnetic force because 
the influence of an anti-magnetic field is reduced by the 
structure shown in Figure 8B. 

[0243] The MR effect memory cell 1000 described 
in the first example was produced including each type of 
MR portion 100. The conductive films 140 and 150 were 
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formed of Au and Cu, and the conductive film 170 was 
formed of AuCr. The insulation film 160 for insulating the 
MR portion 100 and the conductive film 170 was formed 
of Si0 2 in this example, but can be formed of, for exam- 
ple, CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0244] The operation of the MR effect memory cell 
1000 produced in this manner was confirmed by the 
method described in the sixth example with reference to 
Figures 9A and 9B. As a result, in the MR effect mem- 
ory cell 1000 of both types, a pulse 533 shown in Figure 
9B corresponding to the written information was 
detected. Thus, it was found that the MR effect memory 
cell 1000 according to the present invention was real- 
ized. 

(Example 11) 

[0245] In an eleventh example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example 
with reference to Figure 3 will be described. The MR 
effect memory cell 2000 produced in the eleventh exam- 
ple includes the soft magnetic film 130 described in the 
fifth example with reference to Figure 8B. 
[0246] An MR portion 101 (Figure 3) including the 
soft magnetic film 130 shown in Figure 8B was pro- 
duced in a manner similar to that described in the sixth 
example. 

[0247] The MR portion 101 was produced using, as 
targets, Co 0 . 9 Fe 0 .i or Ni 0 81 Fe 0 19 (for the ferromagnetic 
films 230 and 250 in the exchange-coupled ferrimag- 
netic film), Ru (for the nonmagnetic film 240), Al (for the 
nonmagnetic insulating film 120), Co 0 5 Fe 0 5 (for the fer- 
romagnetic film 190), and IrMn (for the antiferromag- 
netic film 180 t i.e., the magnetization rotation prevention 
layer). 

[0248] Two types of MR portions 101 were pro- 
duced. One type had a first basic structure of Co 0 9 Fe 0 .i 
(1.9)/Ru (OJyCoogFeo.! (2.9)/AI 2 0 3 (1.2)/Coo. 5 Fe 0 .5 
(20)/lrMn (30). The other type had a second basic struc- 
ture of Ni 0 . 81 Fe ai9 (3)/Ru (0.7)/Ni a81 Fe 0 . 19 (2)/AI 2 0 3 
(1.2)/Co 0 5 Fe 0 .5 (20)/lrMn (30). The nonmagnetic insu- 
lating film 120 of Al 2 0 3 was formed by method A 
described in the sixth example. 
[0249] The MR ratio of each type of MR portion 101 
was measured at room temperature at an applied mag- 
netic field of 100 Oe. The MR ratio of the MR portion 
101 of both types was about 30%. The size of the MR 
portion 101 in a planar direction thereof was about 0.05 
ujn 2 . 

[0250] It was found that the MR portion 101 in this 
example has a smaller anti-magnetic force than a MR 
portion having 'a basic structure of Co 09 Fe 0 .i 
(4.8)/AI 2 0 3 (1.2)/Co 05 Fe 05 (20)/lrMn (30) or 
Ni 0 .8iFe 0 .i 9 (5)/AI 2 0 3 (1.2)/Co a5 Fe a5 (20)/lnMn (30). 
The MR portion 101 in this example has a smaller anti- 
magnetic force because the influence of an anti-mag- 
netic field is reduced by the structure shown in Figure 



8B. 

[0251] The MR effect memory cell 2000 described 
in the second example was produced including each 
type of MR portion 101 having the soft magnetic film 
5 130 shown in Figure 8B in a manner similar to that 
described in the sixth example. The conductive films 
141 and 150 were formed of Au and Cu, and the con- 
ductive film 170 was formed of AuCr. The insulation film 
160 for insulating the MR portion 101 and the conduc- 
ts tive film 1 70 was formed of Si0 2 in this example, but can 
be formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0252] The operation of the MR effect memory cell 
2000 produced in this manner was confirmed by the 
method described in the seventh example with refer- 
15 ence to Figures 10A and 10B. As a result, in the MR 
effect memory cell 2000 of both types, the voltage 
change 543 shown In Figure 10B corresponding to the 
written information was detected. Thus, it was found 
that the MR effect memory cell 2000 according to the 
20 present invention was realized. 

[0253] The magnetization rotation prevention layer 
was formed of IrMn in this example, but can be formed 
of PtMn, <x-Fe 2 0 3 , NiO, or perovskite-based oxide such 
as, for example, YFe0 3 or SmFe0 3 . 

25 

(Example 12) 

[0254] In a twelfth example according to the present 
invention, a method for producing the MR effect mem- 

30 ory cell 1000 described in the first example with refer- 
ence to Figure 1 will be described. The MR effect 
memory cell 1000 produced in the twelfth example 
includes the soft magnetic film 130 described in the fifth 
example with reference to Figure 8B. 

35 [0255] An MR portion 100 including the soft mag- 
netic film 130 shown in Figure 8B was produced in a 
manner similar to that described in the sixth example. In 
this example, the nonmagnetic film 121 which is con- 
ductive (Figure 6A) is used instead of the nonmagnetic 

40 insulating film 120. That is, the MR effect memory cell 
1000 in this example is a GMR element. 
[0256] The MR portion 100 was produced using, as 
targets, Ni 0 .6 8 Co 0 2 Fe 0 12 (for the ferromagnetic films 
230 and 250 in the exchange-coupled ferrimagnetic 

45 film), Cu (for the nonmagnetic film 121), and Co 0 9 Fe 0 ?1 
(for the hard magnetic film 110). 
[0257] The MR portion 100 having a CPP structure 
had a basic structure of Co 09 Fe 0 .i (20)/Cu 
(3)/Ni a68 Co 0 . 2 Fe 0 .i 2 (2)/Ru (0.7)/Ni a68 Co 0 . 2 Fe 0 .i 2 (3). 

50 [0258] The MR ratio of the MR portion 100 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 100 was 
about 16%. The size of the MR portion 100 in a planar 
direction thereof was about 0.05 u.m 2 . 

55 [0259] The MR effect memory cell 1000 described 
in the first example was produced including the MR por- 
tion 100 having the soft magnetic film 130 shown in Fig- 
ure 8B in a manner similar to that described in the sixth 
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example. The conductive films 140 and 150 were 
formed of Au and Cu, and the conductive film 170 was 
formed of AuCr. The insulation film 160 for insulating the 
MR portion 100 and the conductive film 170 was formed 
of Si0 2 in this example, but can be formed of, for exam- 5 
pie, CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0260] The operation of the MR effect memory cell 
1000 produced in this manner was confirmed by the 
method described in the sixth example with reference to 
Figures 9A and 9B. As a result, the pulse 533 shown in 10 
Figure 9B corresponding to the written information was 
detected. Thus, it was found that the MR effect memory 
cell 1000 according to the present invention was real- 
ized. 

15 

(Example 13) 

[0261] In a thirteenth example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example 20 
with reference to Figure 3 will be described. The MR 
effect memory cell 2000 produced in the thirteenth 
example includes the soft magnetic film 130 described 
in the fifth example with reference to Figure 8B. 
[0262] The MR portion 101 (Figure 3) including the 25 
soft magnetic film 130 shown in Figure 8B was pro- 
duced in a manner similar to that described in the sixth 
example. In this example, the nonmagnetic film 121 
which is conductive (Figure 6A) is used instead of the 
nonmagnetic insulating film 120. That is, the MR effect 30 
memory cell 2000 in this example is a GMR element. 
[0263] The MR portion 1 01 was produced using, as 
targets, Ni 0 68 Co 0 .2Fe 0 12 (for the ferromagnetic films 
230 and 250 in the exchange-coupled ferrimagnetic 
film), Cu (for the nonmagnetic film 121), Co 0 9 Fe 0 .i (for 35 
the ferromagnetic film 190), and RMn (for the antiferro- 
magnetic film 180, i.e., the magnetization rotation pre- 
vention layer). 

[0264] The MR portion 101 having a CPP structure 
had a basic structure of PtMn (30)ICo Q 9 fe 0A (20)/Cu 40 
(3)/Ni 0 .68Coo. 2 Feo.i2 (2)/Ru (0.7)/Ni 0 .68Coo.2Fe 0 .i 2 (3). 
[0265] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 19%. The size of the MR portion 101 in a planar 45 
direction thereof was about 0.05 |im 2 . 
[0266] The MR effect memory cell 2000 described 
in the second example was produced including the MR 
portion 101 having the soft magnetic film 130 shown in 
Figure 8B in a manner similar to that described in the so 
sixth example. The conductive films 141 and 150 were 
formed of Au and Cu, and the conductive film 170 was 
formed of AuCr. The insulation film 160 for insulating the 
MR portion 101 and the conductive film 170 was formed 
of Si0 2 in this example, but can be formed of, for exam- 55 
pie, CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0267] The operation of the MR effect memory cell 
2000 produced in this manner was confirmed by the 



method described in the seventh example with refer- 
ence to Figures 10A and 10B. As a result, the voltage 
change 543 shown in Figure 10B corresponding to the 
written information was detected. Thus, it was found 
that the MR effect memory cell 2000 according to the 
present invention was realized. 

(Example 14) 

[0268] Figure 12A is a configuration diagram of an 
MRAM 5000 in a fourteenth example according to the 
present invention. Figure 12B is a partial isometric view 
of the MRAM 5000, and Figure 12F is a partial plan view 
of the MRAM 5000. 

[0269] The MRAM 5000 includes a plurality of MR 
effect memory cells 1010 in a matrix of 256 x 256 (row 
x column). The number of the MR effect memory cells 
1010 is optional. 

[0270] As shown in Figure 12B, the MR effect mem- 
ory cell 1010 includes a word line 173 in addition to the 
structure of the MR effect memory cell 1000 or 2000 
described in the third example with reference to Figure 
5B. Preferably, the word lines 170 and 173 are respec- 
tively provided on a top surface and a bottom surface of 
the MR portion 100 or 101 as shown in Figure 12B. The 
positions of the word lines 170 and 173 are not limited 
to those shown in Figure 12B, and the word lines 170 
and 173 can be positioned anywhere as long as a mag- 
netic field can be effectively applied to the MR portion 
100 (or 101). Figures 12C, 12D and 12E shows exam- 
ples of the word lines 170 and 173. 
[0271] In Figure 12C, the word lines 170 and 173 
are located offset with respect to the MR portion 1 00 (or 
101) by a certain angle to guarantee an effective appli- 
cation of a magnetic field to the MR portion 100 (or 
101). In this and any possible example according to the 
present invention, the word lines can be provided in a 
prescribed direction. The prescribed direction is a row 
direction, a column direction, and a direction having an 
angle, for example, an angle of 45 degrees, with respect 
to the row direction and the column direction. It is not 
necessary for the word lines to be parallel to the sense 
lines and the bit lines. 

[0272] In Figure 12D, the sense line 140 is used 
instead of the word line 170. In Figure 12E, the word 
lines 170 and 173 are provided along side surfaces of 
the MR portion 100 (or 101). In the structure of Figure 
12E, currents are caused to flow in the word lines 170 
and 173 in an identical direction. A synthesized mag- 
netic field is generated by the word lines 170 and 173. A 
synthesized magnetic field, which is made of the result- 
ant synthesized magnetic field (generated by the word 
lines 170 and 173) and a magnetic field generated by 
the sense line 140 (or 141), is used for writing informa- 
tion to the MR portion 100 (or 101). 
[0273] First, the MR effect memory cells 1010 
including the word line 173 in addition to the structure of 
the MR effect memory cell 1000 will be described. 



21 



41 



EP 1 061 592 A2 



42 



[0274] The MR portion 100 of the MR effect mem- 
ory cells 1010 had a structure described in the tenth 
example, i.e., Ni 0 . 8 iFe 0 . 19 (3)/Ru (0.7)/Ni 081 Fe 0 19 
(2)/Al 2 0 3 (1.2)/Co 0 9 Fe 0 .i (20). The inventors also pro- 
duced another type of MR portion 100 having a struc- 
ture of Ni 081 Fe 019 (2)/Ru (0.7)/Ni 0 . 8 iFe 0 . 19 (3)/AI 2 0 3 
(1.2)/Co 0 . 9 Fe 01 (20). 

[0275] The conductive films 140 and 150 were 
formed of Au, Cu or Al, and the conductive films 170 and 
173 were formed of Cu. The insulation film 160 for insu- 
lating the MR portion 100 (or 101) and the conductive 
film 170 was formed of Si0 2 in this example, but can be 
formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0276] As shown in Figure 12A, the conductive 
films 140 and 150 (sense lines and bit lines) are 
arranged in a lattice. The conductive films 170 and 173 
(word lines) are arranged in a lattice. Switching sections 

301 and 311 for address designation and signal detec- 
tion sections 302 and 312 are provided as shown in Fig- 
ure 12F. In Figure 12F, the conductive films 173 are not 
shown for clarity. The switching sections 301 and 31 1 
select arbitrary conductive films 140 and 150 and con- 
ductive films 170 and 173. The signal detection sections 

302 and 312 detect the level of the current or the value 
of the voltage of each conductive film. 

[0277] Information is written in the MR portion 100 
by causing a pulse current to flow in one conductive film 
170 and one conductive film 173 (arranged in a lattice) 
and thus causing a magnetization state of a particular 
MR portion 100 to be changed by a synthesized mag- 
netic field generated by the one conductive film 1 70 and 
the one conductive film 173. 

[0278] Information write to and read from the 
MRAM 5000 is performed basically in a manner same 
as that described in the sixth example with reference to 
Figures 9A and 9B. A read operation from the MRAM 
5000 in an arbitrary information storage state was con- 
firmed in the following manner. 
[0279] A particular conductive film 140, a particular 
conductive film 150, a particular conductive film 170, 
and a particular conductive film 173 were selected by 
the switching sections 301 and 311. While monitoring 
the resistance value of a MR portion 100 corresponding 
to the selected conductive films 140, 150, 170 and 173 
(i.e., a selected MR portion 100), a magnetic field for 
causing magnetization inversion of the soft magnetic 
film 130 (Figure 1) was applied to the selected MR por- 
tion 100. As a result, the pulse 533 shown in Figure 9B 
was detected through the signal detection section 302 
or 312. Since the information read was stored after the 
read, the read operation was confirmed to be an NDRO. 
Based on these results, it was found that the MRAM 
5000 according to the present invention was realized. 
[0280] Next, the MR effect memory cells 1010 
including the word line 173 in addition to the structure of 
the MR effect memory cell 2000 described in the elev- 
enth example will be described. 
[0281] The MR portion 101 of the MR effect mem- 



ory cells 1010 had a structure described in the eleventh 
example, i.e., Ni 0 .8iFe ai9 (3)/Ru (0.7)/Ni a81 Fe 0 . 19 

(2) /AI 2 0 3 (1-2)/Co a5 Fe a5 (20)/lrMn (30). The inventors 
also produced another type of MR portion 101 having a 

5 structure of Ni 0 . 81 Fe 0 . 19 (2)/Ru (0.7)/Ni 0 81 Fe 0 .i 9 

(3) /AI 2 0 3 (1.2)/Co 0 . 5 Fe a5 (20)/lrMn (30). 

[0282] The conductive films 141 and 150 were 
formed of Au and Cu, and the conductive films 170 and 
173 were formed of AuCr. The insulation film 160 for 

10 insulating the MR portion 101 and the conductive film 
170 was formed of Si0 2 in this example, but can be 
formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0283] As shown in Figure 12A, the conductive 
films 141 and 150 (sense lines and bit lines) are 

15 arranged in a lattice. The conductive films 170 and 173 
(word lines) are arranged in a lattice. 
[0284] Information is written in the MR portion 101 
by causing a pulse current to flow in one conductive film 
170 and one conductive film 173 (arranged in a lattice) 

20 and thus causing a magnetization state of a particular 
MR portion 101 to be changed by a synthesized mag- 
netic field generated by the one conductive film 170 and 
the one conductive film 173. 

[0285] Information write to and read from the 

25 MRAM 5000 is performed basically in the same manner 
as that described in the seventh example with reference 
to Figures 10A and 10B. A read operation from the 
MRAM 5000 in an arbitrary information storage state 
was confirmed in the following manner. 

30 [0286] A particular conductive film 141, a particular 
conductive film 150, a particular conductive film 170, 
and a particular conductive film 173 were selected by 
the switching sections 301 and 311. While monitoring 
the resistance value of a MR portion 101 corresponding 

35 to the selected conductive films 141, 150, 170 and 173 
(i.e., a selected MR portion 101), a magnetic field for 
causing magnetization inversion of the soft magnetic 
film 130 (Figure 8B) was applied to the selected MR 
portion 101. The magnetization direction of the soft 

40 magnetic film 1 30 indicates the direction of the magnet- 
ization direction difference between the ferromagnetic 
films 230 and 250 (Figure 8B). As a result of the moni- 
toring, the voltage change 543 shown in Figure 10B 
was detected through the signal detection section 302 

45 or 312. Thus, it was found that the MRAM 5000 accord- 
ing to the present invention was realized. 

(Example 15) 

so [0287] In a fifteenth example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example 
with reference to Figure 3 will be described. The MR 
effect memory cell 2000 produced in the fifteenth exam- 

55 pie includes the soft magnetic film 130 described in the 
fifth example with reference to Figure 8C. 
[0288] The MR portion 101 including the soft mag- 
netic film 130 shown in Figure 8C was produced in a 
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manner similar to that described in the sixth example. 
[0289] The MR portion 101 was produced using, as 
targets, Ni 0 .8iFe 0 19 (for the ferromagnetic films 230 and 
250 in the exchange-coupled ferrimagnetic film), Ru (for 
the nonmagnetic film 240), Al (for the nonmagnetic insu- 
lating film 120), Coo. 9 Fe 0 1 (for the ferromagnetic films 
260 and 280 in the other exchange-coupled ferrimag- 
netic film), and IrMn (for the antiferromagnetic film 180, 
i.e., the magnetization rotation prevention layer). 
[0290] The MR portion 101 had a basic structure of 
Ni 0 8iFe 0 19 (3)/Ru (0.7)/Ni 0 . 81 Feo. 19 (2)/AI 2 0 3 
(l^/COo.gFeo.i (2)/Ru (OJyCoo.gFeo^ (2)/lrMn (20). 
The nonmagnetic insulating film 120 of Al 2 0 3 was 
formed by method A described in the sixth example. 
[0291] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 36%. The size of the MR portion 101 in a planar 
direction thereof was about 0.1 um 2 . 
[0292] It was found that the MR portion 101 in this 
example has a smaller anti-magnetic force than a MR 
portion having a basic structure of Ni 081 Fe 019 
(5)/AI 2 0 3 (1.2)/Co a9 Fe 0 .i (2)/Ru (0.7)ICo Q9 Fe 0/{ 
(2)/lrMn (20). The MR portion 101 in this example has a 
smaller anti-magnetic force because the influence of an 
anti-magnetic field is reduced by the structure shown in 
Figure 8C. 

[0293] The MR effect memory cell 2000 described 
in the second example was produced including the MR 
portion 101 having the soft magnetic film 130 shown in 
Figure 8C in a manner similar to that described in the 
sixth example. The conductive films 141 and 150 were 
formed of Au and Cu, and the conductive film 170 was 
formed of AuCr. The insulation film 160 for insulating the 
MR portion 101 and the conductive film 170 was formed 
of Si0 2 in this example, but can be formed of, for exam- 
ple, CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0294] The operation of the MR effect memory cell 
2000 produced in this manner was confirmed by the 
method described in the seventh example with refer- 
ence to Figures 10A and 10B. As a result, the voltage 
change 543 shown in Figure 10B corresponding to the 
written information was detected. Thus, it was found 
that the MR effect memory cell 2000 according to the 
present invention was realized. 

(Example 16) 

[0295] In a sixteenth example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example 
with reference to Figure 3 will be described. The MR 
effect memory cell 2000 produced in the sixteenth 
example includes the soft magnetic film 130 described 
in the fifth example with reference to Figure 8C. 
[0296] The MR portion 101 including the soft mag- 
netic film 130 shown in Figure 8C was produced in a 
manner similar to that described in the sixth example. 



[0297] The MR portion 101 was produced using, as 
targets, Ni 0 81 Fe 0 .ig (for the ferromagnetic films 230 and 
250 in the exchange-coupled ferrimagnetic film), Ru (for 
the nonmagnetic film 240), Al (for the nonmagnetic insu- 

5 lating film 120), Co 0 gFe 01 (for the ferromagnetic films 
260 and 280 in the other exchange-coupled ferrimag- 
netic film), and IrMn (for the antiferromagnetic film 180, 
i.e., the magnetization rotation prevention layer). An MR 
portion 101 including another ferromagnetic film (not 

to shown) at the interface between the nonmagnetic insu- 
lating film 120 and the ferromagnetic film 250 was also 
produced. The another ferromagnetic film was formed 
of Co 09 Fe 0 A . 

[0298] Two types of MR portions 101 were pro- 
15 duced. One type had a first basic structure of 
Ni 0 81 Fe 0 .ig (3)/Ru (0.7)/Ni 0 . 8 iFe ai9 (2)/AI 2 0 3 
(1.2)/Co a9 Fe 0>1 (2)/Ru (OTJ/CoogFed (2)/lrMn (20). 
The other type had a second basic structure of 
Ni 0 .8iFe 0 .ig (3)/Ru (0.7)/Ni 0 .8iFe 0 .ig (2)/Co a 9Fe 01 
20 (0.5)/AI 2 O 3 (I^J/Coo.gFeo.! (2)/Ru (0.7)/Co 0 .gFe 0 A 
(2)/lrMn (20). The nonmagnetic insulating film 120 of 
Al 2 0 3 was formed by method A described in the sixth 
example. 

[0299] The MR ratio of each type of MR portion 1 01 

25 was measured at room temperature at an applied mag- 
netic field of 100 Oe. The MR ratio of the MR portion 
1 01 having the first basic structure was about 35%, and 
the MR ratio of the MR portion 101 having the second 
basic structure was about 37%. The size of the MR por- 

30 tion 1 01 in a planar direction thereof was about 0. 1 \im 2 . 
[0300] Each MR portion 101 was heat-treated. The 
MR ratio of the MR portion 101 having the second basic 
structure reached about 41% when heated at about 
280°C. This suggests that Co 0 9 Fe 0 .i contained in the 

35 soft magnetic film 130 (free layer) suppresses mutual 
diffusion of Ni and Al in the Ni 0 8 iFe 0 19 and Al 2 0 3 lay- 
ers and thus stabilizes the interface. The Co 0 9 Fe 0 A 
layer preferably has a thickness of about 1 nm or less. 
[0301] The MR effect memory cell 2000 described 

40 in the second example was produced including the MR 
portion 101 having the soft magnetic film 130 shown in 
Figure 8C in a manner similar to that described in the 
sixth example. The conductive films 141 and 150 were 
formed of Au and Cu, and the conductive film 170 was 

45 formed of AuCr. The insulation film 160 for insulating the 
MR portion 101 and the conductive film 170 was formed 
of Si0 2 in this example, but can be formed of, for exam- 
ple, CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0302] The operation of the MR effect memory cell 
so 2000 produced in this manner was confirmed by the 
method described in the seventh example with refer- 
ence to Figures 10A and 1 0B. As a result, the voltage 
change 543 shown in Figure 10B corresponding to the 
written information was detected. Thus, it was found 
55 that the MR effect memory cell 2000 according to the 
present invention was realized. 
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(Example 17) 

[0303] In a seventeenth example according to the 
present invention, a method for producing the MR effect 
memory cell 1000 described in the first example will be 
described. 

[0304] The MR portion 100 shown in Figure 1 was 
produced in a manner similar to that described in the 
sixth example. 

[0305] The MR portion 100 was produced using, as 
targets, Ni 0 8 Fe 0 2 (for the soft magnetic film 130), Al (for 
the nonmagnetic insulating film 120), and NiMnSb (for 
the hard magnetic film 110). The MR portion 100 having 
a structure of Ni 0 . 8 Fe 0 . 2 (15)/AI 2 0 3 (1.2)/NiMnSb (50) 
was produced on a sapphire c-face substrate. The non- 
magnetic insulating film 120 of Al 2 0 3 was produced by 
method A described in the sixth example. 
[0306] The MR ratio of the MR portion 100 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 100 was 
about 40%. The size of the MR portion 100 in a planar 
direction thereof was about 0.25 \im 2 . 
[0307] In this example, a sapphire substrate was 
used, but a satisfactory NiMnSb film can be produced 
using a magnesium oxide (100) substrate. 
[0308] In this example, NiMnSb was used as a 
material exhibiting a sufficiently high magnetic polariza- 
tion ratio. When PtMnSb or PdMnSb is used, a similarly 
high MR ratio is exhibited and thus a satisfactory MR 
portion can be provided. 

[0309] The MR effect memory cell 1000 described 
in the first example was produced including the MR por- 
tion 100 in the sapphire c-face in a manner similar to 
that described in the sixth example. The conductive 
films 140 and 150 were formed of Au and Cu, and the 
conductive film 170 was formed of AuCr. The insulation 
film 160 for insulating the MR portion 100 and the con- 
ductive film 170 was formed of Si0 2 in this example, but 
can be formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0310] The operation of the MR effect memory cell 
1000 produced in this manner was confirmed by the 
method described in the sixth example with reference to 
Figures 9A and 9B. As a result, the pulse 533 shown in 
Figure 9B corresponding to the written information was 
detected. Thus, it was found that the MR effect memory 
cell 1000 according to the present invention was real- 
ized. 

(Example 18) 

[0311] In an eighteenth example according to the 
present invention, a method for producing the MR effect 
memory cell 1000 described in the first example will be 
described. 

[0312] The MR portion 100 shown in Figure 1 was 
produced in a manner similar to that described in the 
sixth example. 

[0313] The MR portion 100 was produced using, as 
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targets, Ni 0 8 Fe 0 2 (for the soft magnetic film 130), AI (for 
the nonmagnetic insulating film 120), and PtMnSb (for 
the hard magnetic film 110). The MR portion 100 having 
a structure of Ni 0 8 Fe 0<2 (15)/AI 2 0 3 (1.2)/PtMnSb (50) 
5 was produced on a sapphire c-face substrate. The non- 
magnetic insulating film 120 of Al 2 0 3 was produced by 
method A described in the sixth example. 
[0314] First, PtMnSb was epitaxially grown on the 
sapphire c-face substrate at a temperature of about 
10 500°C. The resultant PtMnSb layer exhibited a (111) ori- 
entation as a result of lattice matching with the sapphire 
c-face substrate. Then, Al was deposited and oxidized 
to form Al 2 0 3 as described in the sixth example. Then, 
N 'o.8 Fe o.2 was deposited, thereby forming the MR por- 
ts tion 100 having a structure of Ni 08 Fe 02 (15)/AI 2 0 3 
(1.2)/PtMnSb(50). 

[0315] The MR ratio of the MR portion 100 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 100 was 

20 about 40%. The size of the MR portion 100 in a planar 
direction thereof was about 0.25 \im 2 . 
[0316] In this example, a sapphire substrate was 
used, but a satisfactory PtMnSb film can be produced 
using a magnesium oxide (100) substrate. It was found 

25 that when the magnesium oxide (100) substrate is used, 
a PtMnSb film exhibiting a (100) orientation is obtained 
due to lattice matching. 

[0317] In this example, PtMnSb was used as a 
material exhibiting a sufficiently high magnetic polariza- 
30 tion ratio. When NiMnSb or PdMnSb is used, a similarly 
high MR ratio is exhibited and thus a satisfactory MR 
portion can be provided. 

[0318] The MR effect memory cell 1000 described 
in the first example was produced including the MR por- 

35 tion 100 on the sapphire c-face in a manner similar to 
that described in the sixth example. The conductive 
films 140 and 150 were formed of Au and Cu, and the 
conductive film 170 was formed of AuCr. The insulation 
film 160 for insulating the MR portion 100 and the con- 

40 ductive film 1 70 was formed of Si0 2 in this example, but 
can be formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0319] The operation of the MR effect memory cell 
1000 produced in this manner was confirmed by the 
method described in the sixth example with reference to 

45 Figures 9A and 9B. As a result, the pulse 533 shown in 
Figure 9B corresponding to the written information was 
detected. Thus, it was found that the MR effect memory 
cell 1000 according to the present invention was real- 
ized. 

50 

(Example 19) 

[0320] In a nineteenth example according to the 
present invention, a method for producing the MR effect 
55 memory cell 2000 described in the second example will 
be described. 

[0321] The MR portion 101 shown in Figure 3 was 
produced in a manner similar to that described in the 



24 



47 

sixth example. 
[0322] The MR portion 101 was produced using, as 
targets, Ni 0 8 Fe 0 2 (for the soft magnetic film 130), Al (for 
the nonmagnetic insulating film 120), PtMnSb (for the 
ferromagnetic film 190), and a-Fe 2 0 3 (for the antiferro- 5 
magnetic film 180, i.e., the magnetization rotation pre- 
vention layer). 

[0323] First, cc-Fe 2 0 3 was grown on a sapphire c- 
face substrate. Thus, the MR portion 101 having a 
structure of Ni 08 Fe 02 (15)/AI 2 0 3 (1.2)/PtMnSb (25)/a- 
Fe 2 0 3 (40) was formed. The nonmagnetic insulating 
film 120 of Al 2 0 3 was produced by method A described 
in the sixth example. 

[0324] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 40%. The size of the MR portion 101 in a planar 
direction thereof was about 0.25 urn 2 at the minimum. 
[0325] In this example, PtMnSb was used as a 
material exhibiting a sufficiently high magnetic polariza- 
tion ratio. When NiMnSb or CuMnSb is used, a similarly 
high MR ratio is exhibited and thus a satisfactory MR 
portion can be provided. 

[0326] The MR effect memory cell 2000 described 
in the second example was produced including the MR 
portion 101 on the sapphire c-face in a manner similar 
to that described in the sixth example. The conductive 
films 141 and 150 were formed of Au and Cu, and the 
conductive film 170 was formed of AuCr. The insulation 
film 160 for insulating the MR portion 101 and the con- 
ductive film 170 was formed of Si0 2 in this example, but 
can be formed of, for example, CaF 2 , Al 2 0 3 or Si 3 N 4 . 
[0327] The operation of the MR effect memory cell 
2000 produced in this manner was confirmed by the 
method described in the seventh example with refer- 
ence to Figures 10A and 10B. As a result, the voltage 
change 543 shown in Figure 10B corresponding to the 
written information was detected. Thus, it was found 
that the MR effect memory cell 2000 according to the 
present invention was realized. 

(Example 20) 

[0328] In a twentieth example according to the 
present invention, a method for producing the MR effect 
memory cell 2000 described in the second example will 
be described. The MR effect memory cell 2000 pro- 
duced in the twentieth example includes the soft mag- 
netic film 130 described in the fifth example with 
reference to Figure 8C. 

[0329] An MR portion 101 including the soft mag- 
netic film 130 shown in Figure 8C was produced in a 
manner similar to that described in the sixth example. 
[0330] The MR portion 101 was produced using, as 
targets. Ni 0 81 Fe 0 19 (for the ferromagnetic films 230 and 
250 in the exchange-coupled ferrimagnetic film), Ru (for 
the nonmagnetic film 240), Al (for the nonmagnetic insu- 
lating film 120), Co 0 9 Fe 01 (for the ferromagnetic films 
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260 and 280 in the other exchange-coupled ferrimag- 
netic film), and IrMn (for the antiferromagnetic film 180, 
i.e., the magnetization rotation prevention layer). 
[0331] The MR portion 101 having a structure of 
Nio8i p eo.i9 (3)/Ru (0.7)/Ni 0 . 81 Fe 0 19 (2)/AI 2 0 3 
(l^/Coo.gFeo.i (2)/Ru (0.7)/Co 0 . 9 Fe ai (2)/lrMn (20) 
was formed. The nonmagnetic insulating film 120 of 
Al 2 0 3 was produced by method A described in the sixth 
example. 

[0332] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 35%. The size of the MR portion 101 in a planar 
direction thereof was about 0.05 jim 2 . 
[0333] The MR effect memory cell 2000 described 
in the second example was produced including the MR 
portion 101 in a manner similar to that described in the 
sixth example. The conductive films 141 and 150 were 
formed of Cu, and the conductive film 170 was formed 
of Cu. The insulation film 160 for insulating the MR por- 
tion 101 and the conductive film 170 was formed of Si0 2 
in this example, but can be formed of, for example, 
CaF 2 , Al 2 0 3 or Si 3 N 4 . 

[0334] In order to confirm the high speed operation 
of the MR effect memory cell 2000 produced in this 
manner, a pulse current 561 (Figure 13) was caused to 
flow in the conductive film 170 (word line) and a pulse 
current 562 (Figure 13) was caused to flow in the con- 
ductive film 150 (sense line in this case) to monitor a 
change in the voltage value AV 3 of the MR portion 101. 
As a result, a voltage change 563 shown in Figure 13 
corresponding to the written information was detected. 
[0335] In this example, the magnetic field generated 
by an application of a current to the sense line is in an 
axial direction in which magnetization rotation is rela- 
tively difficult, and the magnetic field generated by an 
application of a current to the word line is in an axial 
direction in which magnetization rotation is relatively 
easy. In other words, the MR portion 101 tends to be 
magnetized in the direction of a magnetic field gener- 
ated by the word line than in the direction of a magnetic 
field generated by the sense line. 
[0336] It was found that a difference in the output 
voltage appears by applying a pulse current to the 
sense line and the word line at different trigger timings. 
A larger pulse current was applied to the word line than 
to the sense line. The pulse width tg of the pulse current 
applied to the sense line is preferably about 0.1 ns or 
more, and the pulse width of the pulse current applied 
to the word line is preferably about 0.1 ns or more. A 
timing difference tj of the pulse applied to the sense 
word line with respect to the pulse applied to the sense 
line is preferably about 0.1 ns or more and about 50 ns 
or less. It was found that by applying the pulse to the 
word line and the sense line at different trigger timings, 
a sufficiently high MR ratio is guaranteed and thus a suf- 
ficiently high output is provided. 
[0337] Such an output characteristic indicates that it 
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is effective in providing a sufficiently high output to apply 
a magnetic field in an axial direction in which magneti- 
zation rotation is relatively difficult before a magnetic 
field is applied in an axial direction in which magnetiza- 
tion rotation is relatively easy, not to apply a magnetic 
field only in the axial direction in which magnetization 
rotation is relatively easy (or the axial direction in which 
magnetization rotation is relatively difficult), when the 
magnetization direction is rotated at 180 degrees. It is 
considered that such a manner of magnetic field appli- 
cation causes a magnetic torque against the magnetiza- 
tion inversion in the axial direction, in which 
magnetization rotation is relatively easy, to be applied 
more easily. 

[0338] The MR portion 101 can tend to be magnet- 
ized in the direction of a magnetic field generated by the 
sense line than in the direction of a magnetic field gen- 
erated by the word line. 

[0339] When a magnetic field is applied using both 
a word line and a sense line which are substantially per- 
pendicular to each other, an asteroid-type magnetic 
field curve 1401 shown in Figure 14 determines a 
strength H s of the magnetic field generated by the 
sense line and a strength H w of the magnetic field gen- 
erated by the word line. Thus, application of a magnetic 
field using both of the word line and the sense line (or 
two word lines) perpendicular to each other can reduce 
the level of the current required to flow in the sense line 
and the word line in order to generate a magnetic field 
as well as in order to select the address of a particular 
MR portion. 

[0340] Figure 1 5A shows a configuration diagram of 
an MRAM 6000 including a plurality of MR effect mem- 
ory cells 2000 in a matrix of 512 x 512 (row x column), 
and Figure 15B is a partial plan view of the MRAM 
6000. The number of the MR effect memory cells 2000 
is optional. 

[0341] As shown in Figure 15B, switching sections 
401 and 411 for address designation and signal detec- 
tion sections 402 and 412 are provided. The switching 
sections 401 and 41 1 select arbitrary conductive films 
141, 150 and 170. The signal detection sections 402 
and 41 2 detect the level of the current or the value of the 
voltage of each conductive film. The conductive films 
141 and 150 (sense lines and bit lines) are arranged in 
a lattice as shown in Figure 15A. The conductive films 
170 and 173 (word lines) are arranged in a lattice. The 
word line 170 is preferably provided on a top surface of 
the MR portion 101 as shown in Figure 15B, but can be 
provided on a side surface of the MR portion 101 as 
shown in Figure 15A. The position of the word line is not 
limited to those that shown in Figure 15B, and the word 
line can be positioned anywhere as long as a magnetic 
field is effectively applicable to the MR portion 101. 
[0342] Information is written in the MR portion 101 
by causing a pulse current to flow in one conductive film 
150 and one conductive film 170 (arranged in a lattice) 
and thus causing a magnetization state of a particular 



MR portion 101 to be changed by a synthesized mag- 
netic field generated by the one conductive film 150 and 
the one conductive film 170. In this example, the con- 
ductive film 150 (sense line) is used instead of the con- 
5 ductive flint 173 (word line) shown in the fourteenth 
example. 

[0343] A read operation from the MRAM 6000 in an 
arbitrary information storage state was confirmed in the 
following manner. 

w [0344] A particular conductive film 141 , a particular 
conductive film 150, and a particular conductive film 170 
were selected by the switching sections 401 and 411. 
The resistance value of a MR portion 101 correspond- 
ing to the selected conductive films 141, 150 and 170 

15 (i.e., a selected MR portion 101) was monitored. As 
described in the second example, a difference between 
the resistance value of the selected MR portion 101 and 
the reference resistance value was monitored through a 
differential circuit (not shown; preferably built into the 

20 signal detection sections 402 and 412). Thus, the writ- 
ten state was read corresponding to the difference. 
Based on these results, it was found that the MRAM 
6000 according to the present invention was realized. 

25 (Example 21) 

[0345] Figure 16A is a partial isometric view of an 
MR effect head 7000 including the tunneling MR portion 
101 described in the second example with reference to 
30 Figure 3. Figure 1 6B is a cross-sectional view of the MR 
effect head 7000. The MR portion 101 in the MR effect 
head 7000 includes the soft magnetic film 130 
described in the fifth example with reference to Figure 
8B. 

35 [0346] The MR portion 1 01 was produced in a man- 
ner similar to that described in the sixth example. 
[0347] The MR portion 101 was produced using, as 
targets, Co 0 9 Fe 0 A or Ni 0 . 8 i Fe o.i9 ( for tne ferromagnetic 
films 230 and 250 in the exchange-coupled ferrimag- 

40 netic film), Ru (for the nonmagnetic film 240), Al (for the 
nonmagnetic insulating film 120), Co 0 9 Fe 0 e1 (for the fer- 
romagnetic film 190), and IrMn (for the antiferromag- 
netic film 180, i.e., the magnetization rotation prevention 
layer). 

45 [0348] The MR portion 101 having a structure of 
Nio.eiFeo.is PVRu (0.7)/Ni 0 . 81 Fe ai9 (2)/AI 2 0 3 
(1.2)/Co 0 9 Fe 0 .i (20)/lrMn (30) was formed. The non- 
magnetic insulating film 120 of Al 2 0 3 was produced by 
method A described in the sixth example. 

so [0349] The MR ratio of the MR portion 101 was 
measured at room temperature at an applied magnetic 
field of 100 Oe. The MR ratio of the MR portion 101 was 
about 30%. The size of the MR portion 101 in a planar 
direction thereof was about 0.25 jim 2 . 

55 [0350] The MR effect head 7000 includes the tun- 
neling MR portion 101, a substrate 601, for a slider, 
formed of a sintered material containing Al 2 0 3 • TiC as 
a main component, shield layers 602 and 603, writing 
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magnetic poles 605 and 606 formed of a NiFe alloy, a 
coil 607 formed of Cu, and gap layers 608 formed of 
Al 2 0 3 . The gap layers 608 are located between two 
adjacent layers. The shield layers 602 and 603 each 
have a thickness of about 1 \im. The writing magnetic 
poles 605 and 606 each have a thickness of about 3 
ujti. The gap layers 608 between the shield layer 602 
and the MR portion 101 and between the shield layer 
603 and the MR portion 101 each have a thickness of 
about 0.1 urn, and the gap layer 608 between writing 
magnetic poles 605 and 606 is about 0.2 u.m. The dis- 
tance between the conductive layer 150 and the writing 
magnetic pole 605 is about 4 jim, and the coil 607 has a 
thickness of about 3 u.m. 

[0351] The MR portion 101 is located between the 
shield layers 602 and 603, and is not exposed to a sur- 
face 604 of the MR effect head 7000. 
[0352] A bias current is applied to the MR portion 
101 through the conductive films 141 and 150. The soft 
magnetic films 130 and the ferromagnetic film 190 are 
set to have magnetization directions directed perpen- 
dicular to each other. Thus, changes In the magnetiza- 
tion direction corresponding to reproduction signals are 
detected at a sufficiently high sensitivity. 
[0353] Figure 17A is a plan view of a magnetic disk 
apparatus 8000 including a plurality of MR effect heads 
7000. Figure 17B is a cross-sectional view of the mag- 
netic disk apparatus 8000. 

[0354] A magnetic recording medium 701 is formed 
of a Co-Ni-Pt-Ta alloy. The MR effect head 7000 is sup- 
ported by a magnetic head supporting section 702, and 
driven by a magnetic head driving section 703. The 
tracking width of the MR effect head 7000 is set to be 5 
u.m. 

[0355] The MR effect head 7000 according to the 
present invention has a higher resistance change ratio 
than a GMR effect head which is a conventional CIPMR 
element. Accordingly, the MR effect head 7000 has a 
sufficiently large reproduction output and thus is very 
effective as a magnetic head for reproduction. Since the 
magnetic disk apparatus 8000 detected voltage 
changes corresponding to the information recorded in 
the magnetic recording medium at a sufficiently high 
level of sensitivity, it was found that the MR effect head 
7000 according to the present invention was realized. 
[0356] The MR portions 100, 101, 102 and 200 in 
all the examples in this specification are usable as an 
MR effect head as described in this example. 
[0357] According to the present invention, a MR 
effect memory cell or element using an antiferromag- 
netic film or hard magnetic film are provided. 
[0358] According to one aspect of the present 
invention, a free layer in which the magnetization direc- 
tion is relatively easily rotatable by the external mag- 
netic field includes a ferromagnetic film having a small 
magnetic coercive force even though being thin, and an 
amorphous film. According to another aspect of the 
present invention, a free layer includes a synthesized 
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ferrimagnetic film including ferromagnetic films which 
are antiferromagnetically exchange-coupled to each 
other. By forming the free layer to have such structures, 
the MR effect memory cell or element can operate at a 

5 sufficiently high sensitivity even through being micro- 
scopic and also can have a sufficiently large output 
even when the level of the current is low. An MRAM 
including a plurality of such MR effect memory cells 
arranged in a matrix and integrated at a high density 

to can also be provided. 

[0359] According to still another aspect of the 
present invention, information can be efficiently read 
from the MR effect memory cell. An NDRO can be real- 
ized. 

15 [0360] Various other modifications will be apparent 
to and can be readily made by those skilled in the art 
without departing from the scope and spirit of this inven- 
tion. Accordingly, it is not intended that the scope of the 
claims appended hereto be limited to the description as 

20 set forth herein, but rather that the claims be broadly 
construed. 

Claims 

25 1. A magneto-resistive effect element, comprising: 

a first ferromagnetic film; 
a second ferromagnetic film; and 
a first nonmagnetic film interposed between 
30 the first ferromagnetic film and the second fer- 

romagnetic film, 
wherein: 

the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
35 the second ferromagnetic film by an external 

magnetic field, and 

the first ferromagnetic film has an effective 
magnetic thickness of about 2 nm or less. 

40 2. A magneto-resistive effect element according to 
claim 1 , wherein at least one of the first ferromag- 
netic film and the second ferromagnetic film has a 
magnetization direction in a planar direction 
thereof. 

45 

3. A magneto-resistive effect element according to 
claim 1, wherein the second ferromagnetic film is 
formed of XMnSb, where X is at least one element 
selected from the group consisting of Ni, Pt, Pd and 

50 Cu. 

4. A magneto-resistive effect element according to 
claim 1, wherein the first ferromagnetic film 
includes: 

55 

an amorphous magnetic film, and 

a third ferromagnetic film in contact with the 

first nonmagnetic film and interposed between 
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the amorphous magnetic film and the first non- 
magnetic film. 

5. A magneto-resistive effect element according to 
claim 4, wherein the third ferromagnetic film has a 
thickness of about 0.2 nm or more and about 2 nm 
or less. 

6. A magneto-resistive effect element according to 
claim 4, wherein the third ferromagnetic film has a 
thickness of about 0.8 nm or more and about 1.2 
nm or less. 

7. A magneto-resistive effect element according to 
claim 4, wherein the amorphous magnetic film 
includes at least one selected from the group con- 
sisting of CoFeB and CoMnB. 

8. A magneto-resistive effect element according to 
claim 1, wherein the first ferromagnetic film 
includes: 

a second nonmagnetic film, 

a fourth ferromagnetic film, and 

a fifth ferromagnetic film, 

wherein the fourth ferromagnetic film and the 

fifth ferromagnetic film are antiferromagneti- 

cally exchange-coupled with each other 

through the second nonmagnetic film. 

9. A magneto-resistive effect element according to 
claim 8, wherein the fourth ferromagnetic film and 
the fifth ferromagnetic film have different strengths 
of saturated magnetization from each other. 

10. A magneto-resistive effect element according to 
claim 8, wherein the fourth ferromagnetic film and 
the fifth ferromagnetic film have different thick- 
nesses from each other. 

11. A magneto-resistive effect element according to 
claim 10, wherein the fourth ferromagnetic film and 
the fifth ferromagnetic film have a thickness differ- 
ence of about 2 nm or less. 

12. A magneto-resistive effect element according to 
claim 8, wherein the second nonmagnetic film is 
formed of Ru. 

13. A magneto-resistive effect element according to 
claim 8, wherein the second nonmagnetic film is 
formed of one of Rh, Ir and Re. 

14. A magneto-resistive effect element according to 
claim 12, wherein the second nonmagnetic film has 
a thickness of about 0.6 nm or more and about 0.8 
nm or less. 



15. A magneto-resistive effect element according to 
claim 8, wherein at least one of the fourth ferromag- 
netic film and the fifth ferromagnetic film contains at 
least one element selected from the group consist- 

5 ing of Ni, Co and Fe as a main component. 

16. A magneto-resistive effect element according to 
claim 8, wherein the fourth ferromagnetic film and 
the fifth ferromagnetic film are magnetization- 

10 rotated while being kept anti-parallel to each other. 

17. A magneto-resistive effect element according to 
claim 1, wherein the second ferromagnetic film 
includes: 

15 

a third nonmagnetic film, 
a sixth ferromagnetic film, and 
a seventh ferromagnetic film, 
wherein the sixth ferromagnetic film and the 
20 seventh ferromagnetic film are antiferromag- 

netically exchange-coupled with each other 
through the third nonmagnetic film. 

18. A magneto-resistive effect element according to 
25 claim 17, wherein the third nonmagnetic film is 

formed of Ru. 

19. A magneto-resistive effect element according to 
claim 17, wherein the third nonmagnetic film is 

30 formed of one of Rh, Ir and Re. 

20. A magneto-resistive effect element according to 
claim 18, wherein the third nonmagnetic film has a 
thickness of about 0.6 nm or more and about 0.8 

35 nm or less. 

21. A magneto-resistive effect element according to 
claim 17, wherein at least one of the sixth ferromag- 
netic film and the seventh ferromagnetic film con- 

40 tains at least one element selected from the group 
consisting of Ni, Co and Fe as a main component. 

22. A magneto-resistive effect element according to 
claim 1, wherein the first nonmagnetic film is an 

45 insulating film. 

23. A magneto-resistive effect element according to 
claim 22, wherein the insulating film contains at 
least one selected from the group consisting of 

50 Al 2 0 3 , MgO, a carbide and a nitride. 

24. A magneto-resistive effect memory cell, compris- 
ing: 

55 a first ferromagnetic film; 

a second ferromagnetic film; 

a first nonmagnetic film interposed between 

the first ferromagnetic film and the second fer- 
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romagnetic film; and 

at least one conductive film for causing a mag- 
netization rotation of at least the first ferromag- 
netic film, 
wherein: 

the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film by an external 
magnetic field, and 

the first ferromagnetic film has an effective 
magnetic thickness of about 2 nm or less. 

25. A magneto-resistive effect memory cell according 
to claim 24, wherein at least one of the first ferro- 
magnetic film and the second ferromagnetic film 
has a magnetization direction In a planar direction 
thereof. 

26. A magneto-resistive effect memory cell according 
to claim 24, wherein the second ferromagnetic film 
is formed of XMnSb, where X is at least one ele- 
ment selected from the group consisting of Ni, Pt, 
Pd and Cu. 

27. A magneto-resistive effect memory cell according 
to claim 24, wherein the first ferromagnetic film 
includes: 

an amorphous magnetic film, and 
a third ferromagnetic film in contact with the 
first nonmagnetic film and interposed between 
the amorphous magnetic film and the first non- 
magnetic film. 

28. A magneto-resistive effect memory cell according 
to claim 27, wherein the third ferromagnetic film has 
a thickness of about 0.2 nm or more and about 2 
nm or less. 

29. A magneto-resistive effect memory cell according 
to claim 27, wherein the third ferromagnetic film has 
a thickness of about 0.8 nm or more and about 1 .2 
nm or less. 

30. A magneto-resistive effect memory cell according 
to claim 27, wherein the amorphous magnetic film 
includes at least one selected from the group con- 
sisting of CoFeB and CoMnB. 

31. A magneto-resistive effect memory cell according 
to claim 24, wherein the first ferromagnetic film 
includes: 

a second nonmagnetic film, 

a fourth ferromagnetic film, and 

a fifth ferromagnetic film, 

wherein the fourth ferromagnetic film and the 

fifth ferromagnetic film are antiferromagneti- 



cally exchange-coupled with each other 
through the second nonmagnetic film. 

32. A magneto-resistive effect memory cell according 
5 to claim 31, wherein the fourth ferromagnetic film 
and the fifth ferromagnetic film have different 
strengths of saturated magnetization from each 
other. 

w 33. A magneto-resistive effect memory cell according 
to claim 31, wherein the fourth ferromagnetic film 
and the fifth ferromagnetic film have different thick- 
nesses from each other. 

15 34. A magneto-resistive effect memory cell according 
to claim 33, wherein the fourth ferromagnetic film 
and the fifth ferromagnetic film have a thickness dif- 
ference of about 2 nm or less. 

20 35. A magneto-resistive effect memory cell according 
to claim 31 , wherein the second nonmagnetic film is 
formed of Ru. 

36. A magneto-resistive effect memory cell according 
25 to claim 31 , wherein the second nonmagnetic film is 

formed of one of Rh, Ir and Re. 

37. A magneto-resistive effect memory cell according 
to claim 35, wherein the second nonmagnetic film 

30 has a thickness of about 0.6 nm or more and about 
0.8 nm or less. 

38. A magneto-resistive effect memory cell according 
to claim 31 , wherein at least one of the fourth ferro- 

35 magnetic film and the fifth ferromagnetic film con- 
tains at least one element selected from the group 
consisting of Ni, Co and Fe as a main component. 

39. A magneto-resistive effect memory cell according 
40 to claim 31, wherein the fourth ferromagnetic film 

and the fifth ferromagnetic film are magnetization- 
rotated while being kept anti-parallel to each other. 

40. A magneto-resistive effect memory cell according 
45 to claim 24, wherein the second ferromagnetic film 

includes: 

a third nonmagnetic film, 
a sixth ferromagnetic film, and 
so a seventh ferromagnetic film, 

wherein the sixth ferromagnetic film and the 
seventh ferromagnetic film are antiferromag- 
netically exchange-coupled with each other 
through the third nonmagnetic film. 

55 

41. A magneto-resistive effect memory cell according 
to claim 40, wherein the third nonmagnetic film is 
formed of Ru. 
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42. A magneto-resistive effect memory cell according 
to claim 40, wherein the third nonmagnetic film is 
formed of one of Rh. Ir and Re. 

43. A magneto-resistive effect memory cell according 5 
to claim 41, wherein the third nonmagnetic film has 

a thickness of about 0.6 nm or more and about 0.8 
nm or less. 

44. A magneto-resistive effect memory cell according w 
to claim 40, wherein at least one of the sixth ferro- 
magnetic film and the seventh ferromagnetic film 
contains at least one element selected from the 
group consisting of Ni, Co and Fe as a main compo- 
nent. 15 

45. A magneto-resistive effect memory cell according 
to claim 24, wherein the first nonmagnetic film is an 
insulating film. 

20 

46. A magneto-resistive effect memory cell according 
to claim 45, wherein the insulating film contains at 
least one selected from the group consisting of 
Al 2 0 3 , MgO, a carbide and a nitride. 

25 

47. A magneto-resistive effect memory cell according 
to claim 24, wherein: 

at least two layer structures are provided, each 
layer structure including the first ferromagnetic 30 
film, the second ferromagnetic film, and the first 
nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromag- 
netic film, and 

the at least two layer structures are stacked 35 
with at least one fourth nonmagnetic film inter- 
posed therebetween. 

48. A magneto-resistive effect memory cell according 

to claim 47, wherein the second ferromagnetic films 40 
of the at least two layer structures have different 
magnetic coercive forces from each other. 

49. An MRAM, comprising a plurality of magneto-resis- 
tive effect memory cells according to claim 24, 45 
wherein the plurality of conductive films are 
arranged in at least one prescribed direction. 

50. A magneto-resistive effect element, comprising: 

50 

a first ferromagnetic film; 
a second ferromagnetic film; and 
a nonmagnetic film interposed between the 
first ferromagnetic film and the second ferro- 
magnetic film, 55 
wherein: 

the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
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the second ferromagnetic film by an external 
magnetic field, and 
the first ferromagnetic film includes: 

an amorphous magnetic film, and 
a third ferromagnetic film in contact with 
the nonmagnetic film and interposed 
between the amorphous magnetic film and 
the nonmagnetic film. 

51. A magneto-resistive effect element according to 
claim 50, wherein at least one of the first ferromag- 
netic film and the second ferromagnetic film has a 
magnetization direction in a planar direction 
thereof. 

52. A magneto-resistive effect element according to 
claim 50, wherein the nonmagnetic film is an insu- 
lating film. 

53. A magneto-resistive effect element, comprising: 

a first ferromagnetic film; 
a second ferromagnetic film; and 
a first nonmagnetic film interposed between 
the first ferromagnetic film and the second fer- 
romagnetic film, 
wherein: 

the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film by an external 
magnetic field, and 
the first ferromagnetic film includes: 

a second nonmagnetic film, 

a third ferromagnetic film, and 

a fourth ferromagnetic film, 

wherein the third ferromagnetic film and 

the fourth ferromagnetic film are antiferro- 

magnetically exchange-coupled with each 

other through the second nonmagnetic 

film. 

54. A magneto-resistive effect element according to 
claim 53, wherein at least one of the first ferromag- 
netic film and the second ferromagnetic film has a 
magnetization direction in a planar direction 
thereof. 

55. A magneto-resistive effect element according to 
claim 53, wherein the third ferromagnetic film and 
the fourth ferromagnetic film have different 
strengths of saturated magnetization from each 
other. 

56. A magneto-resistive effect element according to 
claim 53, wherein the third ferromagnetic film and 
the fourth ferromagnetic film have different thick- 
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n esses from each other. 

57. A magneto-resistive effect element according to 
claim 53, wherein the third ferromagnetic film and 
the fourth ferromagnetic film are magnetization- 5 
rotated while being kept anti-parallel to each other. 

58. A magneto-resistive effect element according to 
claim 53, wherein the second ferromagnetic film 
includes: 10 

a third nonmagnetic film, 
a fifth ferromagnetic film, and 
a sixth ferromagnetic film, 

wherein the fifth ferromagnetic film and the 15 
sixth ferromagnetic film are antiferromagneti- 
cally exchange-coupled with each other 
through the third nonmagnetic film. 

59. A magneto-resistive effect element according to 20 
claim 53, wherein the first nonmagnetic film is an 
insulating film. 

60. A magneto-resistive effect memory cell, compris- 
ing: 25 



61. A magneto-resistive effect memory cell according 
to claim 60, wherein at least one of the first ferro- 
magnetic film and the second ferromagnetic film so 
has a magnetization direction in a planar direction 
thereof. 

62. A magneto-resistive effect memory ceil according 

to claim 60, wherein the first nonmagnetic film is an 55 
insulating film. 

63. A magneto-resistive effect memory cell according 



to claim 60, wherein: 

at least two layer structures are provided, each 
layer structure including the first ferromagnetic 
film, the second ferromagnetic film, and the first 
nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromag- 
netic film, and 

the at least two layer structures are stacked 
with at least one second nonmagnetic film 
interposed therebetween. 

64. A magneto-resistive effect memory cell according 
to claim 63, wherein the second ferromagnetic films 
of the at least two layer structures have different 
magnetic coercive forces from each other. 

65. An MRAM, comprising a plurality of magneto-resis- 
tive effect memory cells according to claim 60, 
wherein the plurality of conductive films are 
arranged in at least one prescribed direction. 

66. A magneto-resistive effect memory cell, compris- 
ing: 

a first ferromagnetic film; 
a second ferromagnetic film; 
a first nonmagnetic film interposed between 
the first ferromagnetic film and the second fer- 
romagnetic film; and 

at least one conductive film for causing a mag- 
netization rotation of at least the first ferromag- 
netic film, 
wherein: 

the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film by an external 
magnetic field, and 
the first ferromagnetic film includes: 

a second nonmagnetic film, 

a third ferromagnetic film, and 

a fourth ferromagnetic film, 

wherein the third ferromagnetic film and 

the fourth ferromagnetic film are antiferro- 

magnetically exchange-coupled with each 

other through the second nonmagnetic 

film. 

67. A magneto-resistive effect memory cell according 
to claim 66, wherein at least one of the first ferro- 
magnetic film and the second ferromagnetic film 
has a magnetization direction in a planar direction 
thereof. 

68. A magneto-resistive effect memory cell according 
to claim 66, wherein the third ferromagnetic film and 
the fourth ferromagnetic film have different 



a first ferromagnetic film; 

a second ferromagnetic film; 

a first nonmagnetic film interposed between 

the first ferromagnetic film and the second fer- 30 

romagnetic film; and 

at least one conductive film for causing a mag- 
netization rotation of at least the first ferromag- 
netic film, 

wherein: 35 
the first ferromagnetic film has a magnetization 
more easily rotatable the a magnetization of 
the second ferromagnetic film by an external 
magnetic field, and 

the first ferromagnetic film includes: 40 

an amorphous magnetic film, and 
a third nonmagnetic film in contact with the 
first nonmagnetic film and interposed 
between the amorphous film and the first 45 
nonmagnetic film. 
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strengths of saturated magnetization from each 
other. 

69. A magneto-resistive effect memory cell according 
to claim 66, wherein the third ferromagnetic film and 
the fourth ferromagnetic film have different thick- 
nesses from each other. 

70. A magneto-resistive effect memory cell according 
to claim 66, wherein the third ferromagnetic film and 
the fourth ferromagnetic film are magnetization- 
rotated while being kept anti-parallel to each other. 

71. A magneto-resistive effect memory cell according 
to claim 66, wherein the second ferromagnetic film 
includes: 

a third nonmagnetic film, 

a fifth ferromagnetic film, and 

a sixth ferromagnetic film, 

wherein the fifth ferromagnetic film and the 

sixth ferromagnetic film are antiferromagneti- 

cally exchange-coupled with each other 

through the third nonmagnetic film. 

72. A magneto-resistive effect memory cell according 
to claim 66, wherein the first nonmagnetic film is an 
insulating film. 

73. A magneto-resistive effect memory cell according 
to claim 66, wherein: 

at least two layer structures are provided, each 
layer structure including the first ferromagnetic 
film, the second ferromagnetic film, and the first 
nonmagnetic film interposed between the first 
ferromagnetic film and the second ferromag- 
netic film, and 

the at least two layer structures are stacked 
with at least one fourth nonmagnetic film inter- 
posed therebetween. 

74. A magneto-resistive effect memory cell according 
to claim 73, wherein the second ferromagnetic films 
of the at least two layer structures have different 
magnetic coercive forces from each other. 

75. An MRAM, comprising a plurality of magneto-resis- 
tive effect memory cells according to claim 66, 
wherein the plurality of conductive films are 
arranged in at least one prescribed direction. 

76. A method for writing information to and reading 
information from a magneto-resistive effect mem- 
ory cell, the magneto-resistive effect memory cell 
including: 

a first ferromagnetic film, 



a second ferromagnetic film, 
a nonmagnetic film interposed between the 
first ferromagnetic film and the second ferro- 
magnetic film, and 

5 at least one conductive film, 

wherein the first ferromagnetic film has a mag- 
netization more easily rotatable than a magnet- 
ization of the second ferromagnetic film by an 
external magnetic field, 

w the method comprising the steps of: 

causing a first current to flow in the at least one 
conductive film to cause a magnetization rota- 
tion of at least the first ferromagnetic film, 
thereby writing information in the magneto- 

15 resistive effect memory cell; and 

causing a second current to flow in the first fer- 
romagnetic film, the nonmagnetic film, and the 
second ferromagnetic film; and causing a third 
current, which is a combination of a positive 

20 bias current and a negative bias current, to flow 

in the at least one conductive film, thereby 
reading a voltage value corresponding to the 
second current and thus reading information 
written in the magneto-resistive element mem- 

25 ory cell. 

77. A method according to claim 76, wherein the third 
current has a level which causes a magnetization 
rotation of the first ferromagnetic film but does not 

30 cause a magnetization rotation of the second ferro- 
magnetic film. 

78. A method for writing information to and reading 
information from an MRAM including a plurality of 

35 magneto-resistive effect memory cells, each mag- 
neto-resistive effect memory cell including: 

a first ferromagnetic film, 
a second ferromagnetic film, 

40 a nonmagnetic film interposed between the 

first ferromagnetic film and the second ferro- 
magnetic film, and at least one conductive film, 
wherein the first ferromagnetic film has a mag- 
netization more easily rotatable than a magnet- 

45 ization of the second ferromagnetic film by an 

external magnetic field, 

the plurality of conductive films being arranged 
in at least one prescribed direction, the method 
comprising the steps of: 

so causing a first current to flow in the at least one 

conductive film of a first magneto-resistive 
effect memory cell of the plurality of magneto- 
resistive effect memory cells to cause a mag- 
netization rotation of at least the first ferromag- 

55 netic film of the first magneto-resistive effect 

memory cell, thereby writing information in the 
first magneto-resistive effect memory cell; and 
causing a second current to flow in the first fer- 
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romagnetic film, the nonmagnetic film, and the 
second ferromagnetic film of the first magneto- 
resistive effect memory ceil; and causing a 
third current, which is a combination of a posi- 
tive bias current and a negative bias current, to 
flow in the at least one conductive film of the 
first magneto-resistive effect memory cell, 
thereby reading a voltage value corresponding 
to the second current and thus reading infor- 
mation written in the first magneto-resistive 
effect memory cell. 

79. A method according to claim 78, wherein the third 
current has a level which causes a magnetization 
rotation of the first ferromagnetic film but does not 
cause a magnetization rotation of the second ferro- 
magnetic film. 

80. A method according to claim 78, further comprising 
the step of causing a fourth current to flow in the at 
least one conductive film of a second magneto- 
resistive effect memory cell other than the first mag- 
neto-resistive effect memory cell, the fourth current 
flowing in a direction for canceling a magnetic field 
leaked to a third magneto-resistive effect memory 
cell other than the first magneto-resistive effect 
memory cell. 

81. A method according to claim 80, wherein the sec- 
ond magneto-resistive effect memory cell is identi- 
cal with the third magneto-resistive effect memory 
cell. 

82. A method for reading information from a magneto- 
resistive effect memory cell, the magneto-resistive 
effect memory ceil including: 

a first ferromagnetic film, 
a second ferromagnetic film, 
a nonmagnetic film interposed between the 
first ferromagnetic film and the second ferro- 
magnetic film, and 
at least one conductive film, 
wherein the first ferromagnetic film has a mag- 
netization more easily rotatable than a magnet- 
ization of the second ferromagnetic film by an 
external magnetic field, 
the method comprising the step of: 
causing a first current to flow in the first ferro- 
magnetic film, the nonmagnetic film, and the 
second ferromagnetic film; and causing a sec- 
ond current, which is a combination of a posi- 
tive bias current and a negative bias current, to 
flow in the at least one conductive film, thereby 
reading a voltage value corresponding to the 
first current and thus reading information writ- 
ten in the magneto-resistive effect memory cell. 



83. A method according to claim 82, wherein the sec- 
ond current has a level which causes a magnetiza- 
tion rotation of the first ferromagnetic film but does 
not cause a magnetization rotation of the second 

5 ferromagnetic film. 

84. A method for reading information from an MRAM 
including a plurality of magneto-resistive effect 
memory cells, each magneto-resistive effect mem- 

10 ory cell including: 

a first ferromagnetic film, 

a second ferromagnetic film, 

a nonmagnetic film interposed between the 

15 first ferromagnetic film and the second ferro- 

magnetic film, and 
at least one conductive film, 
wherein the first ferromagnetic film has a mag- 
netization more easily rotatable than a magnet- 

20 ization of the second ferromagnetic film by an 

external magnetic field, 

the plurality of conductive films being arranged 
in at least one prescribed direction, the method 
comprising the step of: 

25 causing a first current to flow in the first ferro- 

magnetic film, the nonmagnetic film, and the 
second ferromagnetic film of a first magneto- 
resistive effect memory cell of the plurality of 
magneto-resistive effect memory cells; and 

30 causing a second current, which is a combina- 

tion of a positive bias current and a negative 
bias current, to flow in the at least one conduc- 
tive film of the first magneto-resistive effect 
memory cell, thereby reading a voltage value 

35 corresponding to the first current and thus 

reading information written in the first magneto- 
resistive effect memory cell. 

85. A method according to claim 84, wherein the sec- 
40 ond current has a level which causes a magnetiza- 
tion rotation of the first ferromagnetic film but does 
not cause a magnetization rotation of the second 
ferromagnetic film. 

45 86. A method according to claim 84, further comprising 
the step of causing a third current to flow in the at 
least one conductive film of a second magneto- 
resistive effect memory cell other than the first mag- 
neto-resistive effect memory cell, the third current 

so flowing in a direction for canceling a magnetic field 
leaked to a third magneto-resistive effect memory 
cell other than the first magneto-resistive effect 
memory cell. 

55 87. A method according to claim 86, wherein the sec- 
ond magneto-resistive effect memory cell is identi- 
cal with the third magneto-resistive effect memory 
cell. 
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88. A method for writing multiple levels of a signal to 
and reading multiple levels of a signal from a mag- 
neto-resistive effect memory cell, the magneto- 
resistive effect memory cell including: 

5 

at least two layer structures; 
at least one first nonmagnetic film interposed 
between the at least two layer structures; and 
at least one conductive film, 
wherein: 10 
each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 
film and the second ferromagnetic film, and 15 
the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 
the method comprising the steps of: 
causing a first current in the at least one con- 20 
ductive film to cause a magnetization rotation 
of at least one of the first ferromagnetic film and 
the second ferromagnetic film of each of the at 
least two layer structures, or to cause a mag- 
netization rotation of none of the first ferromag- 25 
netic film and the second ferromagnetic film of 
each of the at least two layer structures, 
thereby writing multiple levels of a signal in the 
magneto-resistive effect memory cell; and 
causing a second current to each of the at least 30 
two layer structures to compare a resistance 
value corresponding to the second current and 
a reference resistance value, thereby reading 
the multiple levels of the signal written in the 
magneto-resistive effect memory cell. 35 

89. A method according to claim 88, further comprising 
the step of causing a current which rises in a grad- 
ually increasing manner to flow in the at least one 
conductive film. 40 

90. A method for writing multiple levels of a signal to a 
magneto-resistive effect memory cell, the magneto- 
resistive effect memory cell including: 

45 

at least two layer structures; 
at least one first nonmagnetic film interposed 
between the at least two layer structures; and 
at least one conductive film, 
wherein: so 
each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 
film and the second ferromagnetic film, and 55 
the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 



the method comprising the steps of: 
causing a first current to flow in the at least one 
conductive film to cause a magnetization rota- 
tion of at least one of the first ferromagnetic film 
and the second ferromagnetic film of each of 
the at least two layer structures, or to cause a 
magnetization rotation of none of the first ferro- 
magnetic film and the second ferromagnetic 
film of each of the at least two layer structures, 
thereby writing multiple levels of a signal in the 
magneto-resistive effect memory cell. 

91 . A method for reading multiple levels of a signal from 
a magneto-resistive effect memory cell, the mag- 
neto-resistive effect memory cell including: 

at least two layer structures; 

at least one first nonmagnetic film interposed 

between the at least two layer structures; and 

at least one conductive film, 

wherein: 

each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 
film and the second ferromagnetic film, and 
the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 
the method comprising the steps of: 
causing a first current to flow in each of the at 
least two layer structures to compare a resist- 
ance value corresponding to the first current 
and a reference resistance value, thereby read- 
ing multiple levels of a signal written in the 
magneto-resistive effect memory cell. 

92. A method according to claim 91 , further comprising 
the step of causing a current which rises in a grad- 
ually increasing manner to flow in the at least one 
conductive film. 

93. A method for writing multiple levels of a signal to 
and reading multiple levels of a signal from an 
MRAM including a plurality of magneto-resistive 
effect memory cells, each magneto-resistive effect 
memory cell including: 

at least two layer structures; 

at least one first nonmagnetic film interposed 

between the at least two layer structures; and 

at least one conductive film, 

wherein: 

each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 
film and the second ferromagnetic film, and 
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the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 
the plurality of conductive films being arranged 
in at least one prescribed direction, the method 5 
comprising the steps of: 
causing a first current to flow in the at least one 
conductive film of a first magneto-resistive 
effect memory cell of the plurality of magneto- 
resistive effect memory cells to cause a mag- 10 
netization rotation of at least one of the first fer- 
romagnetic film and the second ferromagnetic 
film of each of the at least two layer structures 
of the first magneto-resistive effect memory 
cell, or to cause a magnetization rotation of is 
none of the first ferromagnetic film and the sec- 
ond ferromagnetic film of each of the at least 
two layer structures of the first magneto-resis- 
tive effect memory cell, thereby writing multiple 
levels of a signal in the first magneto-resistive 20 
effect memory cell; and 

causing a second current to flow in each of the 
at least two layer structures of the first mag- 
neto-resistive effect memory cell to compare a 
resistance value corresponding to the second 25 
current and a reference resistance value, 
thereby reading the multiple levels of the signal 
written in the first magneto-resistive effect 
memory cell. 

30 

94. A method according to claim 93, further comprising 
the step of causing a current which rises in a grad- 
ually increasing manner to flow in the at least one 
conductive film. 

35 

95. A method according to claim 93, further comprising 
the step of causing a third current to flow in the at 
least one conductive film of a second magneto- 
resistive effect memory cell other than the first mag- 
neto-resistive effect memory cell, the third current 40 
flowing in a direction for canceling a magnetic field 
leaked to a third magneto-resistive effect memory 
cell other than the first magneto-resistive effect 
memory cell. 

45 

96. A method according to claim 95, wherein the sec- 
ond magneto-resistive effect memory cell is identi- 
cal with the third magneto-resistive effect memory 
cell. 

50 

97. A method for writing multiple levels of a signal in an 
MRAM including a plurality of magneto-resistive 
effect memory cells, each magneto-resistive effect 
memory cell including: 

55 

at least two layer structures: 

at least one first nonmagnetic film interposed 

between the at least two layer structures; and 



at least one conductive film, 
wherein: 

each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 
film and the second ferromagnetic film, and 
the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 
the plurality of conductive films being arranged 
in at least one prescribed direction, the method 
comprising the steps of: 
causing a first current of flow in the at least one 
conductive film of a first magneto-resistive 
effect memory cell of the plurality of magneto- 
resistive effect memory cells to cause a mag- 
netization rotation of at least one of the first fer- 
romagnetic film and the second ferromagnetic 
film of each of the at least two layer structures 
of the first magneto-resistive effect memory 
cell, or to cause a magnetization rotation of 
none of the first ferromagnetic film and the sec- 
ond ferromagnetic film of each of the at least 
two layer structures of the first magneto-resis- 
tive effect memory cell, thereby writing multiple 
levels of a signal in the first magneto-resistive 
effect memory cell. 

98. A method according to claim 97, further comprising 
the step of causing a second current to flow in the 
at least one conductive film of a second magneto- 
resistive effect memory cell other than the first mag- 
neto-resistive effect memory cell, the second cur- 
rent flowing in a direction for canceling a magnetic 
field leaked to a third magneto-resistive effect mem- 
ory cell other than the first magneto-resistive effect 
memory cell. 

99. A method according to claim 98, wherein the sec- 
ond magneto-resistive effect memory cell is identi- 
cal with the third magneto-resistive effect memory 
cell. 

100. A method for reading multiple levels of a signal from 
an MRAM including a plurality of magneto-resistive 
effect memory cells, each magneto-resistive effect 
memory cell including: 

at least two layer structures; 
at least one first nonmagnetic film interposed 
. between the at least two layer structures; and 
at least one conductive film, 
wherein: 

each of the at least two layer structures 
includes a first ferromagnetic film, a second fer- 
romagnetic film, and a second nonmagnetic 
film interposed between the first ferromagnetic 



35 



69 



EP 1 061 592 A2 



film and the second ferromagnetic film, and 
the first ferromagnetic film has a magnetization 
more easily rotatable than a magnetization of 
the second ferromagnetic film, 
the plurality of conductive films being arranged 5 
in at least one prescribed direction, the method 
comprising the steps of: 
causing a first current to flow in each of the at 
least two layer structures of a first magneto- 
resistive effect memory cell of the plurality of 10 
magneto-resistive effect memory cells to com- 
pare a resistance value corresponding to a the 
first current and a reference resistance value, 
thereby reading multiple levels of a signal writ- 
ten in the first magneto-resistive effect memory 15 
cell. 

101. A method according to claim 100, further compris- 
ing the step of causing a current which rises in a 
gradually increasing manner to flow in the at least 20 
one conductive film. 

102. A method according to claim 100, further compris- 
ing the step of causing a second current to flow in 

the at least one conductive film of a second mag- 25 
neto-resistive effect memory cell other than the first 
magneto-resistive effect memory cell, the second 
current flowing in a direction for canceling a mag- 
netic field leaked to a third magneto-resistive effect 
memory cell other than the first magneto-resistive 30 
effect memory cell. 

103. A method according to claim 102, wherein the sec- 
ond magneto-resistive effect memory cell is identi- 
cal with the third magneto-resistive effect memory 35 
cell. 
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FIG. 2 A 
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FIG.4A 



f — I .51 1 



» 4 « 



® 



2000 



,512 



170 /" 

- — 1801 
190 



2000 



120 f 
130 J 



101 



FIQAB 



"1- 



170 jT 

-160 
-180 
H90 
^120 
x 130 

-170 'jT 

160 
180 



•2000 



HOI 

2000 



® 



•2000 



►101 AR 2=0 



:H90 
120 
130J 



H01 



® 



170 jT 

.160 

-1801 
-190 
^120 

■170 > 2000 
,160 
-1801 
-190 
*120 
130 



►101 AR2*0 



FIG.4C 

2000 



10H 



170 — 
190^2 

120/L 

130 y Jr 




39 



EP 1 061 592 A2 



FIG. 5 A 
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FIG. 6 A 
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FIG. 9 A 
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Hw^ Magnetic field generated by word line 
Magnetic field generated by sense line 
Hr* Synthesized magnetic field 
8 : Angle of Hr with respect to Hw 
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